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Abstract
Several measurements of tree- and loop-level b-hadron decays performed in the
recent years hint at a possible violation of Lepton Universality. This article presents
an experimental and theoretical overview of the current status of the field.
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1 Introduction
The Standard Model (SM) of particle physics organises the twelve elementary fermions
(and their antiparticles) known to date into three families (or generations) and successfully
describes their strong and electroweak interactions through the exchange of gauge bosons.
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Despite its tremendous success in describing all present measurements, the SM can
only be regarded as the low-energy, effective, incarnation of a more global theory. For
example, the SM cannot account for the matter-antimatter asymmetry currently present
in the Universe, it does not provide a Dark Matter candidate and it does not explain its
own gauge group structure, the charge assignment of the fermions or the mass hierarchy
between the different families. A more global theory that extends the SM at higher
energies and shorter distances could provide an answer to some of these questions, which
are at the core of modern particle physics.
Searches for signs of New Physics (NP) existing beyond the SM are performed in two
ways. The first one looks for the direct production of new particles. The key ingredient for
this so-called “relativistic path” is the amount of energy available in the collision, which
drives the maximum mass range that can be probed. For this reason, the vast majority of
the most stringent limits on the mass of NP particles have been obtained at the Large
Hadron Collider (LHC) by the ATLAS and CMS experiments, as shown for example in
Ref. [1]. The second method, the so-called “quantum path”, exploits the presence of virtual
states in the decays of SM particles. Due to quantum mechanics, these intermediate states
can be much heavier than the initial and final particles, and can affect the rate of specific
decay modes as well as their angular distributions. The most evident example is the β
decay of the neutron that probes physics at the W -boson scale. Flavour physics, which
studies the properties of s-, c- and b-hadrons, has been extremely successful in providing
information on the virtual particles involved in the processes examined. A famous example
is the observation of CP violation in K decays [2] that could be interpreted as a sign of
the existence of three quark families in the SM [3], several years before the discovery of the
third generation [4,5]. Similarly, the first observation of the B0-B0 mixing phenomenon [6]
revealed that the t-quark mass was much larger than anticipated, eight years before its
direct measurement [7, 8]. The investigation of the effects induced by virtual particles on
SM decays requires very large data samples, since (for a given coupling to NP) the larger
the NP scale, the smaller the influence on the process. While the relativistic path probes
the scale of potential NP contributions in a direct way through specific signatures, the
quantum path provides constraints correlating the scale and the coupling to NP.
In the SM, the leptonic parts of the three families of fermions are identical, except for
the different masses of the constituent particles. In particular, the photon, the W and
the Z bosons couple in exactly the same manner to the three lepton generations. This
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very peculiar aspect of the SM, known as Lepton Universality (LU), can be examined to
challenge its validity, since any departure from this identity (once the kinematic differences
due to the different leptons masses have been corrected for) would be a clear sign that
virtual NP particles are contributing to SM decays. Studies of this accidental property
offer a privileged way to access the quantum path, and tests of LU in b-hadron decays
represent the main focus of this review.
The remainder of this paper is organised as follows: Sec. 2 describes LU in the SM;
some of the most precise tests of LU not involving decays of b-hadrons are discussed in
Sec .3; the theoretical framework relevant for LU tests in b-quark decays is illustrated in
Sec. 4; Sec. 5 outlines the main characteristics of the experiments that have performed tests
of LU in b-hadron decays; LU tests in b→ c `−ν` and b→ s `+`− transitions are discussed
in Sec. 6 and Sec. 7, respectively; Sec. 8 presents possible interpretations of the hints of
deviations from LU in b→ c `−ν` and b→ s `+`−; prospects for future measurements in
b-hadron decays relevant for LU tests are highlighted in Sec. 9; and Sec. 10 concludes the
paper.
2 Lepton Universality in the Standard Model
The importance of LU tests is strongly related to the very structure of the SM, which
is based on the gauge group SUC(3) × SU(2)L × U(1)Y (corresponding to strong and
electroweak interactions). This group is broken down to SU(3)C × U(1)em (i.e. QCD and
QED) through the non-vanishing vacuum expectation value of the Higgs field.
Three main features are relevant for the tests of LU discussed here. Firstly, the fermion
fields are organised in three generations with the same gauge charge assignments leading
to the same structure of couplings in all three generations (universality). Secondly, the
Higgs mechanism for the breakdown of the electroweak gauge symmetry does not affect
the universality of the gauge couplings (including electromagnetism). Finally, the only
difference between the three families comes from the Yukawa interaction between the
Higgs field and the fermion fields. The diagonalisation of the mass matrices yields mixing
matrices between weak and mass eigenstates occurring in the coupling of fermions to
the weak gauge boson W±, which are the only source of differences between the three
generations: the CKM matrix, V , for the quarks and the PMNS matrix, U , for the leptons.
This last point is the key element to consider in order to design observables testing
LU within the SM. For a given transition in the SM, quarks and leptons stand on a
different footing. The flavour of the quarks involved in a transition can be determined
experimentally (mass and charge of the fermions involved), so that the CKM matrix
elements involved can be determined unambiguously for a given process. In the case of
Flavour-Changing Charged-Current (FCCC) transitions like “tree-level” b→ c `−ν` decays
(Fig. 1), where ` represents any of the three charged leptons, a single CKM matrix element
is involved (Vcb). In the case of Flavour-Changing Neutral-Current (FCNC) processes,
like “loop-level” b→ s `+`− decays (Fig. 2), the CKM matrix elements at play depend
on the flavour of the quark running through the loop and have the form (VibV
∗
is), where
i = t, c, u. The unitarity of the CKM matrix and its hierarchical structure allow one to
express all CKM products in terms of a leading term (VtbV
∗
ts) and a Cabibbo-suppressed
contribution (VubV
∗
us). For the lepton part, the charged leptons can be easily distinguished
in the same way as quarks, whereas most of the time the neutrino mass eigenstates cannot
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Figure 1: Illustration of a b→ c `−ν` transition in the SM, as seen at the hadronic level, in the
case of a B meson decaying into an unspecified H meson.
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Figure 2: Illustration of b→ s `+`− transitions in the SM, as seen at the hadronic level, in the
case of a B meson decaying into an unspecified H meson.
be distinguished (their mass differences are negligible compared to the other scales and
they are not detected in experiments).
For example, considering the decay width of the FCCC transition b→ c τ−ντ leading
to a final state with a τ lepton and an unspecified (anti)neutrino mass eigenstate, one
has to sum over the amplitudes associated to the production of all the three possible
(anti)neutrino mass eigenstates. The overlap of each mass eigenstate with the produced
weak interaction eigenstate ντ is given by the PMNS matrix U , so that the decay width
features a factor of the form
∑
i=1,2,3 |Uτi|2, which is equal to 1 due to the unitarity of the
PMNS matrix in the SM. Therefore, the PMNS matrix plays no role in the SM, as well as
in extensions featuring only three light neutrinos, and it is ignored in most computations.
These characteristics explain why either purely leptonic or semileptonic processes that
involve leptons of different generations, but with the same quark transition, are preferred
to test LU, so that there are no PMNS matrix elements and the CKM ones can cancel
out in ratios.
3 Overview of Lepton Universality tests beyond the
B sector
Before turning to the main focus of the article, i.e. tests of LU in semileptonic B decays,
some related tests in other sectors of the SM will be discussed in this section.
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3.1 Electroweak sector
In the SM the couplings of the W and Z bosons to all lepton species are identical and a
large number of experiments where the electroweak bosons are directly produced have
tested this property. The most precise results were obtained by experiments running at
e+e− colliders (LEP1 and SLC, running at the Z pole, or LEP2, where the centre-of-mass
energy enabled the direct production of W boson pairs), at pp (Tevatron) and pp (LHC)
machines.
The measurements of the Z→ e+e−, Z→ µ+µ− and Z→ τ+τ− partial widths are
in excellent agreement among each other [1]. Precise tests of the universality of the Z
couplings to the charged leptons have been performed in Ref. [9] as ratios of the leptonic
partial-widths:
ΓZ→ µ+µ−
ΓZ→ e+e−
= 1.0009± 0.0028 , (1)
ΓZ→ τ+τ−
ΓZ→ e+e−
= 1.0019± 0.0032 . (2)
Under the assumption that LU holds and in case of massless leptons, all ΓZ→ `+`−
partial widths are expected to be equal in the SM. Due to the large mass of the τ lepton,
the prediction for the Z→ τ+τ− partial width differs from the value computed in the
massless limit by −0.23%. In addition to the results obtained at the Z pole, there are
also measurements performed at the LHC that support LU in Z decays, the most precise
being [10]:
ΓZ→ µ+µ−
ΓZ→ e+e−
= 0.9974± 0.0050 . (3)
The LEP, Tevatron and LHC experiments have also performed precise measurements
using W boson decays that can be interpreted as tests of LU. Following the analysis of
Ref. [11], one can introduce the strength of the W−→ `−ν` coupling, g`, which is the same
in the SM for all the three lepton families. All experimental results are in good agreement
with LU, but the precision is about one order of magnitude worse than those from Z
boson decays. Ratios comparing W−→ e−νe and W−→ µ−νµ decays, which depend on
(ge/gµ)
2, are dominated by the LEP combination and the LHC results, as shown in Fig. 3.
A naive average determined by assuming that all uncertainties are fully uncorrelated
results in a value of: B(W−→ e−νe)
B(W−→ µ−νµ) = 1.004± 0.008 . (4)
Tests involving the third lepton family are less precise due to the more challenging
reconstruction of final states with τ leptons. The world averages are completely dominated
by the combination of the LEP experiments [12]:
ΓW−→ τ−ντ
ΓW−→ e−νe
= 1.063± 0.027 , (5)
ΓW−→ τ−ντ
ΓW−→ µ−νµ
= 1.070± 0.026 . (6)
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Figure 3: Comparison of the ratio of branching fractions for the W−→ e−νe and W−→ µ−νµ
decays measured by the CDF [13], LEP [12], LHCb [14] and ATLAS [10] experiments. The SM
expectation is shown as the (yellow) vertical line.
The discussed results impliy that LU between the first two lepton families holds with
a precision of better than 0.3% in Z boson decays and of about 0.8% in W boson decays.
The constraints on LU between the third and the other two families are of similar precision
in Z boson decays (0.3%), but of about one order of magnitude worse for W boson decays
(3%) and somewhat in tension with the SM prediction. Assuming that LU holds between
the first and the second families, a slightly more precise test can be performed:
2ΓW−→ τ−ντ
ΓW−→ e−νe + ΓW−→ µ−νµ
= 1.066± 0.025 , (7)
which manifests a tension with the SM expectation at the level of 2.6 σ [12]. The moderate
increase in precision for this ratio with respect to the individual quantities indicates that
this test is systematically limited.
3.2 Decays of pseudoscalar mesons
Leptonic decays of pseudoscalar mesons also enable powerful tests of LU. The most
stringent constraints derive from the study of leptonic decays of charged pions or kaons,
which are helicity suppressed in the SM.
The ratio of the partial decay widths of K−→ e−νe and K−→ µ−νµ, for which
hadronic uncertainties cancel, can be precisely computed in the SM [15]:(
ΓK−→ e−νe
ΓK−→ µ−νµ
)SM
=
(
Me
Mµ
)2(
M2K −M2e
M2K −M2µ
)
(1 + δQED) = (2.477± 0.001)× 10−5 , (8)
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where δQED = (−3.78±0.04)% is the correction for the K±→ `±ν`γ inner bremsstrahlung
contribution. Several experimental efforts have been conducted since the 1970s to measure
this ratio, which is nowadays precisely known, although its uncertainty is still an order
of magnitude larger than the SM prediction. The world average, dominated by the
measurement of the NA62 experiment [16] and in good agreement with the SM expectation,
is measured to be [1]:
ΓK−→ e−νe
ΓK−→ µ−νµ
= (2.488± 0.009)× 10−5 . (9)
The equivalent ratio for charged pion decays has also been measured [1, 17]:
Γpi−→ e−νe
Γpi−→ µ−νµ
= (1.230± 0.004)× 10−4 , (10)
which is more than one order of magnitude less precise than the SM prediction [15]:(
Γpi−→ e−νe
Γpi−→ µ−νµ
)SM
= (1.2352± 0.0001)× 10−4 . (11)
These measurements test the coupling of the W boson to the first two families of
leptons, (ge/gµ)
2. In this sector LU holds at the 0.2% level, which is significantly more
precise than the constraints from direct measurements reported in Sec. 3.1.
Analogous tests can be performed in the charmed-meson sector. Only the muonic
D−→ µ−νµ decay has been measured so far, whereas in the case of the D−s meson both
the µ and τ modes are known [18]:
ΓD−s→τ−ντ
ΓD−s→µ−νµ
= 9.95± 0.61 , (12)
which is consistent with, but less precise than, the SM prediction(
ΓD−s→τ−ντ
ΓD−s→µ−νµ
)SM
= 9.76± 0.10 (13)
even assuming a conservative uncertainty of 1 % due to the D−s → µ−νµγ contribution [19,
20]. LU between the second and third families thus holds at the level of 6% from Ds
meson decays.
Additional tests of LU in FCCC can be performed by comparing semileptonic transitions
H→ H ′`−ν`, such as K→ pi`−ν` and D→ K`−ν`, with different lepton flavours. However,
these tests require knowledge of the ratio of the scalar and vector form factors, f0/f+, with
a very high level of accuracy in order to be competitive with the leptonic decays where
the main hadronic input (meson decay constants) drops out of the LU ratios. Concerning
FCNC, tests of LU through semileptonic decays involving light quarks require studying
transitions such as K→ pi`+`−, D→ pi(ρ)`+`− or D−s → K−(K∗−)`+`−. However, these
decays are dominated by long-distance hadronic contributions that are very difficult to
estimate theoretically [21–24], preventing accurate tests of LU with these modes.
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3.3 Purely leptonic decays
The LU of FCCC transitions can also be tested using pure leptonic decays of the τ lepton.
In the SM, the only expected difference between the τ−→ e−νeντ and τ−→ µ−νµντ
decays is due to the masses of the final-state charged-leptons. Following the analysis of
Ref. [11] (which introduces the lepton-dependent FCCC couplings g`), and exploiting data
from Ref. [1], tight constraints can be obtained on the universality of the charged-current
couplings to leptons:
gµ/ge = 1.0018± 0.0014 . (14)
This ratio implies that the charged-current couplings to the first and second families are
universal at the 0.14% level, which is one of the most stringent experimental tests at
present.
The combination of the precise measurements of the τ−→ e−νeντ branching fraction
and of the τ and µ lifetimes allows one to compare the FCCC couplings to the second
and third lepton families (since µ−→ e−νeνµ is the only transition contributing to the
muon decay width). The ratio of these couplings is found to be [11]:
gτ/gµ = 1.0011± 0.0015 . (15)
Similarly, the ratio of the FCCC couplings to the third and first family can be obtained
from the combination of the measurements of the τ− → µ−νµντ and of the τ and µ
lifetimes [11]:
gτ/ge = 1.0030± 0.0015 . (16)
These represent the most stringent experimental tests available today for LU tests involving
the coupling of the first or second family to the third one.
3.4 Quarkonia decays
Leptonic decays of quarkonia resonances can also be used to probe LU. The most precise
test is obtained from the ratio of the J/ψ→ e+e− and J/ψ→ µ+µ− partial widths [1]:
ΓJ/ψ→ e+e−
ΓJ/ψ→ µ+µ−
= 1.0016± 0.0031 , (17)
which is in good agreement with LU with a precision of 0.31%. The fact that LU holds in
J/ψ decays is exploited in the measurements of the RK(∗) ratios performed by the LHCb
collaboration, which are described in Sec. 7. Measurements of other leptonic decays of
quarkonia (e.g. ψ(2S) and Υ (2S)) lead to constraints that are weaker by an order of
magnitude.
3.5 Summary
In summary, there are no indications of LU violation in all the processes presented in this
section. The most stringent constraint on LU between the first and the second families
are obtained from indirect measurements resulting from the study of τ leptonic decays
and decays of light pseudoscalar mesons. When LU is tested for the third family, very
precise results are obtained from the direct measurements of Z boson partial widths. The
determinations of the W couplings involving the third family are significantly less accurate
and manifest a tension with the SM expectation at the level of 2.6σ.
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4 Theoretical treatment of b-quark decays probing
Lepton Universality
The theoretical challenges faced and the tools used when examining LU observables in
semileptonic B decays will be addressed in this section.
4.1 Effective Hamiltonian
Considering the large variety of scales involved between the electroweak regime and the
fermion masses (top quark excluded), it is natural to try and separate the effects coming
from different scales through an effective field theory approach [25,26]. The idea is akin
to building the Fermi theory, which is valid for β decays, starting from the electroweak
theory: even though the latter has desirable features (e.g. renormalisability and ultraviolet
completion), the former is adapted for low-energy transitions involving only light particles.
The Fermi theory is obtained by neglecting the propagation of the W gauge boson, leading
to a point-like four-fermion interaction. More generally, the effective theory valid at low
energies, i.e. large distances, is constructed by ignoring the short-distance propagation of
the massive (and/or energetic) degrees of freedom and conserving only the light (and/or
soft) particles as dynamical degrees of freedom, propagating over long distances. The
effects of the massive degrees of freedom are absorbed into short-distance coefficients
multiplying the operators built from light fields.
The effective Hamiltonian approach can be applied to both FCCC and FCNC, which
are illustrated in the two cases of interest in the following. In the case of FCCC decays,
such as b→ c `−ν`, this idea yields the effective Hamiltonian:
Heff(b→ c `−ν`) = 4GF√
2
Vcb
∑
i
CiOi , (18)
where the index i runs over the various 4-fermion operators, Oi, that contain the (modes of
the) fields propagating over distances larger than the one associated with the factorisation
scale µ. Energetic modes and massive fields that probe short distances (typically smaller
than 1/µ) are encoded in the Wilson coefficients, Ci. This separation of scale is illustrated in
Fig. 4, to be compared with Fig. 1. The Wilson coefficients can be computed perturbatively
and involve the masses and the couplings of the heavy degrees of freedom (W , Z, H and
t in the SM). Due to the universality of lepton couplings for the three generations, the
SM Wilson coefficients have the same value for all three lepton generations. The sum in
Eq. (18) contains the dominant operator in the SM:
OV ` = (c¯γµPLb)(¯`γµPLν`) , (19)
where PL,R = (1∓γ5)/2 are the projectors on left- (right-) handed chirality (PL corresponds
to the V –A structure of the weak interaction in the SM). The index i = V ` indicates the
vector nature of the four-fermion operator, whereas ` is a reminder of the lepton flavour
involved. The normalisation of Eq. (18) is chosen to have CV ` of order 1 in the SM. The com-
plete basis allowed by Lorentz invariance and used to study NP contributions involve other
four-fermion operators of the form (c¯Γqb)(¯`Γ`ν`) such as scalar/pseudoscalar operators (e.g.
{Γq,Γ`} = {1, 1} or {γ5, γ5}), chirality-flipped operators (e.g. {Γq,Γ`} = {γµPR, γµPL})
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Figure 4: Illustration of a b→ c `−ν` transition in the effective Hamiltonian approach. The (red)
dot corresponds to a local two-quark two-lepton operator.
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Figure 5: Illustration of a b→ s `+`− transition in the effective Hamiltonian approach. The (red)
dot corresponds to a local operator.
as well as tensor contributions (e.g. {Γq,Γ`} = {σµνPL, σµνPL}). In most analyses, only
operators involving left-handed neutrinos are considered.
For FCNC transitions, such as b→ s `+`−, the effective Hamiltonian takes the form:
Heff(b→ s `+`−) = −4GF√
2
VtbV
∗
ts
∑
i
CiOi , (20)
up to small corrections proportional to VubV
∗
us. As indicated in Sec. 2, the CKM unitarity
is used to re-express the contributions proportional to VcbV
∗
cs in terms of the two other
products of CKM matrix elements, leading to four-quark operators of the form (s¯Γ1c)(c¯Γ2b)
among the operators Oi in Eq. (20). The dominant operators in the SM relevant to
b→ s `+`− decays are:
O7 = e
16pi2
mb(s¯σµνPRb)F
µν , (21)
O9` = e
2
16pi2
(s¯γµPLb)(¯`γ
µ`) , (22)
O10` = e
2
16pi2
(s¯γµPLb)(¯`γ
µγ5`) , (23)
where σµν = i/2[γµ, γν ], e is the QED coupling constant and F
µν = ∂µAν − ∂νAµ is
the electromagnetic tensor. The overall normalisation of Eq. (20) is chosen to yield a
Wilson coefficient of order 1 for the four-quark operator (s¯γµ(1 − γ5)c)(c¯γµ(1 − γ5)b),
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corresponding to a W -boson exchange. This is illustrated in Fig. 5, to be compared with
Fig. 2. The V –A structure of the weak interaction is reflected by the chirality of the
quarks involved in the operators. Once again, due to the universality of lepton couplings
for the three generations, the SM Wilson coefficients have the same value for all three
lepton generations.
Analysing the processes within this approach offers several advantages. The deter-
mination of the Wilson coefficients requires a matching to the high-energy theory (here,
the SM) at the electroweak scale O(mt,MW ) and a running from this scale down to the
low-energy scale µb = O(mb). The renormalisation group equations used then provide
a re-summation of hard gluon exchanges generating large logarithms, which are then
included in the Wilson coefficients [25–27] leading to an accurate determination of the
Wilson coefficients at the low-energy scale. At the level of accuracy reached by such
computations, electroweak corrections both in the SM and in NP scenarios can also be
included and may prove important [27,28].
Moreover, this framework can be easily extended to include NP effects. These will
lead either to shifts in the value of the short-distance Wilson coefficients or the en-
hancement of additional operators, absent or strongly suppressed due to the symme-
tries of the SM. The complete basis allowed by Lorentz invariance and used to study
NP contributions involve other four-fermion operators of the form (s¯Γqb)(¯`Γ``) such as
scalar/pseudoscalar operators (e.g. {Γq,Γ`} = {PL,R, 1} or {PL,R, γ5}), chirality-flipped
operators (e.g. {Γq,Γ`} = {γµPR, γµ} or {γµPR, γµγ5}) as well as tensor contributions (e.g.
{Γq,Γ`} = {σµνPR, σµν}). Like for b→ c `−ν` decays, in most analyses, only operators
involving left-handed neutrinos are considered.
Since the extension of the SM may provide an explanation to the existence of three
families with a similar structure but very different masses, it can be easily imagined that
NP could provide contributions that would not respect the symmetries of the SM regarding
flavour, and in particular LU. The NP contributions could thus be lepton-flavour dependent
and therefore generate LU-violating effects, leading to different Wilson coefficients for the
operators with the same structure but different lepton flavours.
4.2 Hadronic quantities
As discussed in the previous section, the contributions to the decay amplitudes starting
from a B hadron and ending with a given final hadron H will be expressed typically as
Ci×〈H|Oi|B〉 within the effective field theory approach (additional relevant contributions
can arise from higher orders in perturbation theory, e.g. for b→ s `+`−). The contributions
from hard gluons are re-summed in the Wilson coefficient Ci, but one must also take into
account the contribution from soft gluons corresponding to long-distance QCD dynamics
and responsible for the hadronisation of the quarks into the initial and final hadrons.
In the case of FCCC transitions, like b→ c `−ν`, the production of the lepton pair
goes necessarily via a (heavy) W exchange in the SM, and the insensitivity of leptons to
the strong interaction allows one to factorise lepton and quark contributions (up to tiny
higher-order electroweak corrections). This can be illustrated by considering the simple
B → D`−ν¯` case:
A(B → D`−ν¯`) = 4GF√
2
VcbCV ` 〈D|c¯γµPLb|B〉Lµ, Lµ = u¯`γµPLvν , (24)
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JP (H) Γ Form factors
0− γµ f0, f+
0− σµν fT
1− γµ A0, A1, A2
1− γµγ5 V
1− σµν T2, T3
1− σµνγ5 T1
Table 1: Form factors of interest for B → H transitions for pseudoscalar or vector H mesons for
a given bilinear q¯Γb. All form factors are function of q2, where q = pB − pH . The form factors
for JP (H) = 1− also involve the polarisation of the vector meson H.
B H
ℓ+
ℓ−
Oi
γ
cc¯
ν¯ℓ
ℓ−
W
b c
3
Figure 6: Illustration of a b→ s `+`− transition in the effective Hamiltonian approach, with a
contribution from charm loops. The (red) dot represents a local four-quark operator corresponding
to a W exchange.
where Lµ is a lepton tensor easily expressed in terms of solutions of the Dirac equation
u`, vν . The input required to describe this transition at the hadronic level is thus limited
to form factors obtained by describing the Lorentz structure of:
2〈D|c¯γµPLb|B〉 = f+(q2)(pB + pD)µ + [f0(q2)− f+(q2)]M
2
B −M2D
q2
qµ (25)
with qµ = (pB − pD)µ, in the most simple case of pseudoscalar B and D mesons, lead-
ing to two form factors f0 and f+, and MB and MD are the masses of the B and D
mesons, respectively. These scalar quantities depend only on Lorentz-invariant products
of kinematic variables (here, the only non-trivial product is q2). This approach can be
extended to NP operators, leading to products of different lepton tensors L and hadron
matrix elements involving other quark bilinears. The number of the form factors involved
depends on the spin of the external states considered and on the kind of quark bilinears
from the effective Hamiltonian operators (see Tab. 1). The resulting decay amplitudes can
be conveniently analysed in the helicity amplitude formalism, leading to a set of angular
observables describing the differential cross section for the decay [29,30].
For FCNC decays, like b→ s `+`−, the situation is less simple. There are contributions
from operators that involve a dilepton pair explicitly (like O9` or O10`). A decomposition
similar to the b→ c `−ν` case can be performed, leading to (computable) lepton tensors
and hadron matrix elements with quark bilinears that can be projected onto form factors.
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However, it is also possible to create the lepton pair `+`− from 4-quark operators like
b→ scc¯ (often denoted O2 and corresponding to a W exchange), leading to a cc¯ pair that
gets annihilated into a `+`− pair through electromagnetic interactions, as illustrated in
Fig. 6 (the same can be also achieved with uu¯). These contributions will have the form:
− 16pi√
2
GFαVtbV
∗
ts
1
q2
v¯`γ
µu` Hµ (26)
with the non-local matrix element:
Hµ = i
∫
d4x ei(q·x)〈K∗|T{jµ(x),
∑
j
CjOj(0)}|B〉 (27)
where the index j runs over all the operators of the effective Hamiltonian, and jµ =∑
qQq q¯γµq is the electromagnetic current (excluding the top quark) with Qq being the
quark charge. These long-distance contributions are much more difficult to handle
theoretically than form factors, due to their non-local nature (i.e., involving two operators
at different space-time positions), even though theoretical estimates are available for some
of these decays (see Sec. 8.1.2 for more detail). In particular, these contributions describe
the decay through intermediate charmonium resonances such as B → K∗ψ(→ `+`−).
The lightest ones, J/ψ and ψ(2S), provide very large peaked contributions, so that
hadronic SM physics dominates q2 regions close to the charmonium resonance masses. The
corresponding regions (bins) of the dilepton invariant mass squared, q2, are thus generally
not included in the analyses, unless one wants so learn information on the long-distance
dynamics of these resonances. The higher charmonium states contribute less significantly,
and their contributions appear as wiggles that tend to cancel each other when integrated
over large q2 bins, so that they are expected to yield an average close to the perturbative
QCD result [31]. According to specific resonances models [32], this quark-hadron duality
is expected to hold at a few percent level for the branching ratio of B→ K`+`− decays,
whereas the extension to other decay modes and observables remain to be investigated. It
should be stressed that these additional non-local contributions occur for FCNC, since
electromagnetic interactions can convert intermediate light cc¯ or uu¯ pairs into a final pair
of charged leptons, but they do not appear in the case of FCCC, where only form-factor
contributions should be present and there are no resonant contributions (which could
yield strong variations with q2). Once again, these decay amplitudes can be analysed in
the helicity amplitude formalism, leading to a set of angular observables describing the
differential cross section for the decay [29,30,33].
The form factors describe the hadronisation of quarks and gluons: these involve QCD
in the non-perturbative regime and are a significant source of theoretical uncertainties.
Depending on the energy q2 released to form the lepton pair, the form factors can be
estimated using different theoretical approaches: Light-Cone Sum Rules (LCSR) can
be used for small q2 (i.e. large recoil of the final-state hadron in the b-hadron rest
frame) [34–41], and Lattice QCD simulations for large q2 (small recoil) [42–49]. In both
regimes, a further expansion of the theory in powers of Λ/mb (where Λ corresponds to
the typical scale of QCD of order 1 GeV) can be performed. The resulting effective field
theories (respectively Soft-Collinear Effective Theory [50–53] and Heavy-Quark Effective
Theory [54–56]) can be used to provide approximate relationships between the form factors
and thus reduce the number of independent hadronic inputs needed. It should also be
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emphasised that most of these theoretical approaches treat the final state as a stable
particle under the strong interaction, even though vector particles are unstable and with
a finite width (in particular D∗ and K∗), which may require a specific assessment of the
corresponding systematics.
4.3 Lepton Universality observables
As discussed in Sec. 2, LU is embedded in the SM and the violation of this symmetry is a
clear signal of the presence of NP. It is thus natural to compare the same observable for
processes differing only in the lepton flavours involved: this can be, for instance, the ratio
of branching fractions for two decays (b → cτ−ν¯τ vs. b → ce−ν¯e and/or b → cµ−ν¯µ), or
the difference of the same angular observable describing the kinematics of the two decays
(b → sµ+µ− vs. b → se+e−). From a theoretical point of view, it is often beneficial to
choose observables based on ratios, so that common hadronic form-factors cancel out in
the numerator and the denominator: the hadronic uncertainties are decreased and rely
on the theoretical evaluation of ratios of form factors, which are often better determined
than absolute form factors. From an experimental point of view, the use of ratios is also
advantageous since it alleviates the dependence on the absolute knowledge of efficiencies
and thus reduces the size of the systematic uncertainties.
5 Experiments at the B-factories and at the Large
Hadron Collider
Present and future tests of LU in the b-quark sector have been and will be obtained in
two extremely different experimental environments: the BaBar and Belle experiments
running at e+e− colliders (B-factories), and the LHCb experiment running at the pp Large
Hadron Collider (LHC). Both setups produce very large numbers of b-hadrons, but differ
in many aspects such as the b-quark fragmentation fractions, the number of b-hadron
species produced, and more generally the experimental conditions.
5.1 B-factories
Two experiments installed at two different e+e− accelerators were built and operated
during the same period (see Tab. 2): BaBar at SLAC (US) approved in 1993 and Belle
at KEK (Japan) approved in 1994 [57]. Both accelerators are e+e− circular colliders
that mostly operate at a centre-of-mass (CM) energy of 10.58 GeV corresponding to the
Υ (4S) resonance. This particle decays either into a B+B− or a B0B0 pair, and thus
represents a copious source of charged and neutral B mesons in a clean, low background,
environment. In order to enable decay-time dependent measurements, in particular
studies of CP violation, the Υ (4S) resonance is boosted and thus the two beams have
different energies: 9 GeV (8 GeV) and 3.1 GeV (3.5 GeV) for the electron and positron
beam, respectively, at BaBar (Belle).
A particular interesting feature of b-hadrons is the large number of weak decay modes
these can access, which is a consequence of the large b-quark mass. Therefore, in order
to study decay modes with small branching fractions, the accelerators need to run at
instantaneous luminosities in excess of 1033 cm−2 s−1 and thus have large beam currents.
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Experiment
Data taking Average distance Integrated luminosity BB pairs
period between the two B at the Υ (4S) produced
BaBar 1999–2008 ∼ 270µm ∼ 433 fb−1 ∼ 471× 106
Belle 1999–2010 ∼ 200µm ∼ 711 fb−1 ∼ 772× 106
Table 2: Main characteristics of the data accumulated by the BaBar and Belle experiments.
The two detectors roughly cover the full solid angle, however, because of the asymmetric
beam energies, these are more instrumented in the direction of the high-energy beam and
are offset relative to the average interaction point by a few tens of centimetres in the
direction of the low-energy beam. Since most of the particles produced in B-meson decays
have relatively low momentum, multiple scattering is the main source of inaccuracy in the
momentum measurement. For this reason, both detectors (including the beam pipe) are
characterised by a low-material budget. The vertex resolution is excellent (10− 20µm),
both along the beam direction and in the transverse plane. The reconstruction efficiencies
for charged particles and photons, down to momenta of a few tens of MeV/c, is very
high and the momentum resolution is very good over a wide spectrum to help separating
signal from background. The detectors also have excellent particle identification (PID)
capabilities (including K/pi separation for a momentum range between 0.6 GeV/c and
4 GeV/c) and allow the detection of photons down to an energy of 20 MeV, which permits
an efficient bremsstrahlung recovery. Finally, the trigger systems are more than 99%
efficient for events with BB pairs.
In order to distinguish signal from background events, the B invariant mass recon-
structed from the measured decay products is exploited. The experimental setup of the
B-factories enables setting additional kinematic constraints that improve the knowledge
of the B-meson momentum and allow for better discriminating signal from background.
Since the Υ (4S) resonance decays uniquely into a pair of B mesons, the energy of the
B-decay products is equal to half of the CM energy. This enables defining two weakly
correlated discriminating variables, ∆E and mES: the former compares the reconstructed
B-meson energy to the beam energy in the CM frame; the latter, also known as the
beam-energy substituted mass (BaBar), corresponds to the B-meson mass reconstructed
from the measured momenta of the decay products and the beam energy (the equivalent
variable at Belle is the beam-energy constraints mass, Mbc). The ∆E resolution depends
on the detector performance and varies a lot depending on the final state (e.g. for the decay
B0→ pi+pi− this is about 29 MeV/c2 [57]). The mES resolution depends mainly on the
accelerator energy spread and is of the order of 2 to 3 MeV/c2. The well-constrained kine-
matics of the BB pair is also extremely helpful to impose extra constraints to reconstruct
final states with neutrinos.
In summary, despite different choices for the sub-detector technologies, the two
B-factory experiments, BaBar (Fig. 7, top) and Belle (Fig. 7, bottom), are concep-
tually similar. The main differences are the amount of data recorded and the Υ (4S) boost
(Tab. 2). Some detector performances particularly relevant for LU tests are listed in
Tab. 3.
Since 2018 a new experiment, Belle-II, operating at the Υ (4S) CM energy at
SuperKEKB (Japan), is being commissioned (see for example Ref. [60]). Data tak-
ing with a complete detector should start in 2019, with the goal to collect an integrated
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Figure 7: Schematic view of the (top) BaBar (taken from Ref. [58]) and (bottom) Belle (taken
from Ref. [59]) detectors. The 4pi coverage and the asymmetric setup are clearly visible.
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Experiment e efficiency e→ pi mis-ID µ efficiency µ→ pi mis-ID K K → pi mis-ID
BaBar ∼ 92% ∼ 0.1% ∼ 60% ∼ 1% ∼ 84% ∼ 1%
Belle ∼ 90% ∼ 0.1% ∼ 93% ∼ 3% ∼ 85% ∼ 5%
Table 3: Main characteristics of the BaBar and Belle detectors relevant for LU tests [57].
luminosity of about 50 ab−1 by 2025. The detector performances are expected to be better
than those of the BaBar and Belle experiments, most notably for the impact parameter
and secondary vertex resolutions, K0S reconstruction efficiency and PID.
5.2 Large Hadron Collider
The only tests of LU in the b-quark sector currently available from the LHC have been
performed by the LHCb collaboration. Proton-proton collisions at several CM energies
have been collected by the LHCb experiment starting from 2010 (see Tab. 4). The
recorded dataset is divided in two sub-samples: Run1, collected during 2011 and 2012
and corresponding to LHC energies of 7 and 8 TeV, and Run2, covering data taken since
2015 at a CM energy of 13 TeV.
Data taking Centre-of-mass Integrated bb pairs
period energy luminosity produced in LHCb
Run1
2011 7 TeV ∼ 1.1 fb−1 ∼ 8× 1010
2012 8 TeV ∼ 2.1 fb−1 ∼ 17× 1010
Run2 2015–2017 13 TeV ∼ 3.7 fb−1 ∼ 49× 1010
Table 4: Summary of the data recorded by the LHCb experiment until the end of 2017. The
Run2 period will extend up to the end of 2018.
The main mechanism for bb production at the LHC is gluon-gluon fusion, where the
two b-quarks are predominantly produced collinearly and close to the beam directions.
This characteristics has strongly influenced the design of the LHCb detector [61], which is
a single-arm forward spectrometer with a polar-angle coverage between 10 and 300 mrad
in the horizontal plane and 250 mrad in the vertical one (Fig. 8). At the LHC energies the
bb cross section is very large, ∼ 295 µb at 7 TeV and increasing roughly linearly with the
CM energy. This value is more than five orders of magnitude larger than the Υ (4S) cross
section (∼ 1 nb), however, the ratio of the bb cross section to the total inelastic one is
of the order of 1/4 at the Υ (4S) CM energy and about 1/300 at the LHC for a CM
energy of 7 TeV. As a consequence of this small ratio, the collection of interesting data
requires the usage of a complex trigger system consisting of a hardware stage, based on
information from the calorimeter and muon systems, followed by a software stage, which
applies a full event reconstruction. Since the occupancy of the calorimeters is significantly
higher than that of the muon stations, the constraints on the trigger rate require that
higher thresholds should be imposed on the electron transverse energy than on the muon
transverse momentum. The most noticeable effect on LU tests is the difference in the
efficiencies of the electron and muon hardware triggers for the kinematics of interest.
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Figure 8: Schematic view of the LHCb detector.
Another significant difference compared to the B-factories is the very large energy of the
B decay products. Consequently, electrons emit a large amount of bremsstrahlung and a
dedicated recovery procedure is in place in order to improve the momentum reconstruction.
Despite this method, the B mass resolution is still degraded for final states involving
electrons compared to final states including muons or charged hadrons, as illustrated in
Fig. 9.
Due to the large CM energy, b-hadrons are produced with a significant boost and their
decay length is of the order of a centimetre. This results in significantly large values of
the impact parameter (IP), which is the minimum distance of a track to a primary vertex.
The resolution on the IP is of about 25µm for a particle with a momentum transverse to
the beam of 3 GeV/c [62]. Since the average IP for tracks coming from B decays is of the
order of 800µm, these can be well separated from tracks originating from the primary
vertex. The resolution of the reconstructed B invariant mass is similar to the resolution
of ∆E at the B-factories (for the decay B0→ pi+pi− this amounts to 22 MeV/c2 [63]).
The LHCb experiment is also characterised by excellent PID performances for charged
particles: the muon efficiency is of the order of 97%, for a pion mis-identification of
approximately 1% [64]; the electron efficiency is of the order of 90%, for a pion mis-
identification of about 0.6% [62]; the PID efficiency is of the order of 90% for charged
kaons, while the pi mis-identification is around 3% [62].
Since the detector performances in the busy LHC environment are challenging to
model, simulated samples are corrected for using unbiased control samples selected from
data, in particular for what concerns the b-hadron kinematics, and the trigger and PID
efficiencies. Finally, contrary to what happens when running at the Υ (4S) resonance, all
b-hadron species (e.g. B+, B0, B0s , B
+
c , and Λ
0
b) are produced at the LHC and LU tests
can be performed exploiting all types of hadrons.
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Figure 9: Distribution of the four-body invariant mass in B0→ K∗0(→ K+pi−)J/ψ (→ `+`−)
decays for (left) ` = µ and (right) ` = e reconstructed at LHCb. Taken from Ref. [65].
Figure 10: Distribution of the dilepton invariant mass in the J/ψ region for (left) ` = µ and
(right) ` = e reconstructed at Belle. Taken from Ref. [66].
5.3 Complementarity between the B-factories and the LHC
As previously discussed, the experimental conditions at the B-factories and at the LHCb
experiment are extremely different. This section summarises the overall performances
achieved for particular b-hadron decays that illustrate the main similarities and differences
between the two environments.
The PID performances for pions and kaons at the three experiments are similar, as
well as the B mass resolution for fully reconstructed final states to charged hadrons.
The background contamination is also comparable for such decays, as can be concluded
by examining, for example, the study of the B−→ D0(→ K+pi−)K− decay carried out
by the three collaborations. The BaBar [67] and Belle [68] experiments have similar
performances, where the difference in yields is due to the different integrated luminosities
analysed and a slightly more efficient selection for the Belle result. The yields obtained by
the LHCb experiment on the Run1 dataset [69] are more than five times larger than the
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combined yields at the B-factories, with a lower level of combinatorial background and a
similar K/pi cross-feed. While the determination of the absolute scale of the experimental
efficiencies is more challenging in the much busier environment of the LHC compared
to the B-factories, measurements of ratios of observables enable their full control and
exploitation of the entire statistical power of these samples.
The situation for electron and muon reconstruction is instead significantly different. At
the B-factories, the J/ψ invariant mass peak reconstructed using different lepton flavours
is similar, as shown in Fig. 10. In particular, the event yields are similar indicating that
the efficiency to reconstruct the two final states is comparable. Due to the combined effect
of reduced bremsstrahlung and of a performant recovery algorithm, the dilepton invariant
mass distribution for the e+e− final state only exhibits a slightly wider J/ψ peak and a
small radiative tail compared to the µ+µ− final state. On the contrary, the B0→ K∗0J/ψ
invariant mass reconstructed by LHCb when the J/ψ is identified via its decay to two
muons or two electrons manifests striking differences, as displayed in Fig. 9. Despite
the bremsstrahlung recovery procedure, the electron final state features a long radiative
tail and its yield is about five times smaller than that of B0→ K∗0J/ψ (→ µ+µ−). The
B+→ K+J/ψ (→ `+`−) decay mode can also provide interesting information to compare
the B-factories and the LHCb experiment. The yield reported in Ref. [66] can be scaled to
the full integrated luminosity of the B-factories, amounting to about 81× 103 events that
are roughly evenly split between the electron and muon final states. While this number is
similar to the B+→ K+J/ψ (→ e+e−) yield (88× 103) reported in Ref. [70] by LHCb, the
B+→ K+J/ψ (→ µ+µ−) yield is more than seven times larger. These significant differences
between final states with electron and muon led the LHCb collaboration to exploit double
ratios to measure the RK and RK∗ observables (see Sec. 7).
Decays of b-hadrons to final states that include a τ lepton are more challenging to
reconstruct due to the presence of neutrinos. In order to handle the very large backgrounds
resulting from the partial reconstruction of these final states, diverse tools that exploit
the extremely different experimental environments of the B-factories and of the LHC
have been developed. In both cases, pure leptonic as well as hadronic decays of the τ are
considered. At the B-factories, the missing information due to the undetected neutrinos is
compensated by the full reconstruction of the other B meson in the event, since the only
tracks present in the event are originating from the decays of the two B mesons produced
by the Υ (4S) decay. At the LHCb experiment instead, the additional information needed
to constrain the final state is obtained from the precise reconstruction of the decay vertices
involved, which, paired with the large boost due to the CM energy of the LHC, allow the
measurement of the flight distance of the particles and provide enough information to
compensate for the missing neutrinos. Despite the very different production rates and the
stringent requirements that have to be applied in the more difficult LHC environment,
the results reported in Sec. 6 indicate that the statistical precision is similar between the
B-factories and the LHCb thanks to the dedicated techniques that have been developed.
Moreover, the systematic uncertainties are typically of similar size as the statistical ones.
In summary, all the points discussed in this section highly motivate the necessity and
importance of having (at least) two different, but complementary, experimental setups to
perform precision tests of LU.
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6 Lepton Universality tests in b→ c `−ν` decays
In the SM the electroweak couplings of the gauge bosons to the leptons are independent
of the lepton generation involved in the decay (see Sec. 1). Precision tests of LU can be
performed by studying semileptonic b→ c `−ν` decays, where `− represents any of the
three charged leptons (the electron, e−, the muon, µ−, and the tau, τ−) and ν` is the
corresponding antineutrino.
6.1 Introduction
Semileptonic B→ D(∗) µ−νµ and B→ D(∗) e−νe decays are generally assumed to be free of
NP contributions and they are used to perform measurements of the CKM matrix element
|Vcb| and of the hadronic form factors involved in those decays. Moreover, measurements
of the branching fractions B(B0→ D+ µ−νµ), B(B0→ D+ e−νe), B(B−→ D0 µ−νµ) and
B(B−→ D0 e−νe) are consistent with each other within experimental uncertainties and
in agreement with LU (see Tab. 5).
Experiment (year) Hc type Ref.
CLEO (2002) D∗± and D∗0 [71]
BaBar (2008) D∗± [72]
BaBar (2009) D0 and D∗0 [73]
Belle (2010) D∗± [74]
Belle (2016) D0 and D+ [75]
Belle (2018) D∗± [76]
Table 5: Tests of LU in Hb→ Hc `−ν` tree-level transitions using the first two generations of
leptons, where Hb and Hc represent hadrons containing a b and a c quark, respectively.
However, the large τ mass (about 17 and 3500 times heavier than the muon and electron
mass, respectively) could make semileptonic B decays to the third generation, referred to
as semitauonic B decays, more sensitive to the presence of NP effects. Observables to
probe NP contributions to such decays are ratios of branching fractions between the third
and the first and second generation leptons:
RHc =
B(Hb→ Hc τ−ντ )
B(Hb→ Hc `′−ν`′) , (28)
where `′ represents an electron or muon for the B-factories, but only a muon at the
LHCb experiment due to experimental considerations. This definition cancels a large
part of the theoretical (|Vcb| and form factors) and experimental (branching fractions and
reconstruction efficiencies) uncertainties.
Measurements of RHc ratios can be performed using different τ decay modes. The final
states with the largest branching fractions that have been used to perform measurements
in semitauonic Hb decays are listed in Tab. 6. The different τ decay modes have specific
advantages and disadvantages:
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Decay B [%]
τ−→ µ− νµντ 17.39± 0.04
τ−→ e− νeντ 17.82± 0.04
τ−→ pi−pi0 ντ 25.49± 0.09
τ−→ pi− ντ 10.82± 0.05
τ−→ pi−pi+pi− ντ 9.02± 0.05
τ−→ pi−pi+pi−pi0 ντ 4.49± 0.05
Table 6: Branching fractions of τ decays that have been used to perform measurements in
semitauonic Hb decays. The 3-prong hadronic modes do not include the K
0 contribution. Values
taken from Ref. [1].
• Leptonic τ−→ µ− νµντ and τ−→ e− νeντ decays include one light charged lepton
in the final state. Experimentally, candidate events are selected by requiring
the presence of a charmed hadron, Hc, and a light charged lepton, µ
− or e−,
which results in a sample containing both signal, Hb→ Hc τ−ντ , and normalisation,
Hb→ Hc µ−νµ or Hb→ Hc e−νe, modes. This allows the extraction of RHc from a
fit to a single dataset that contains both contributions. Systematic uncertainties
due to the detection of the light lepton will partially cancel due to the presence of
the same lepton flavour both in the numerator and in the denominator of Eq. 28.
However, this method has to account for the presence of inclusive semileptonic
Hb→ Hc e−νe(X) and Hb→ Hc µ−νµ(X) decays, where X represents any possible
undetected particle(s), whose branching fractions and form factors are not precisely
known.
• Hadronic τ final states contain only one neutrino compared to two of the leptonic case
(besides the one produced by the Hb decay) and therefore have a more constrained
topology. The Hb→ Hc τ−ντ signal sample is composed by events with a charmed
hadron, Hc, and one or three charged pions, also referred to as 1-prong and 3-prong
decays, respectively. Hadronic 1-prong (τ−→ pi− ντ and τ−→ pi−pi0 ντ ) decays
are the most sensitive to the τ polarisation, while 3-prong (τ−→ pi−pi+pi− ντ and
τ−→ pi−pi+pi−pi0 ντ ) modes enable reconstructing the τ vertex, as defined by the
three charged pions, in addition to the Hb decay vertex. This piece of information can
be exploited to estimate the τ decay time, which improves the signal to background
separation. The main sources of background contamination are due to the presence
of inclusive Hb decays into a Hc and three charged pions, and doubly-charmed decays
Hb→ HcD(X), where the D meson (D+s , D+ or D0) decays inclusively to three
charged pions. Contrary to the leptonic τ decays, these modes are not very sensitive
to the knowledge of the Hb→ Hc e−νe(X) and Hb→ Hc µ−νµ(X) backgrounds. The
presence of different final states in the numerator and denominator of Eq. (28)
could be a source of systematic uncertainty, particularly in the LHC environment.
However, this can be mitigated by redefining the RHc ratio to use external inputs.
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6.2 Results from the B-factories
The BaBar and Belle collaborations have used different τ decay modes to measure the RD
and RD∗ ratios [77–79], where D (D
∗) indicates either D0 or D+ (D∗− or D∗0) mesons. A
summary of the measurements performed by the two experiments is reported in Tab. 7.
Experiment (year) B-tag τ decay RD RD∗ Correlation Pτ (D
∗) Ref.
BaBar (2012) Had τ−→ `′− ν`′ντ 0.440± 0.058± 0.042 0.332± 0.024± 0.018 −0.27 — [77,78]
Belle (2015) Had τ−→ `′− ν`′ντ 0.375± 0.064± 0.026 0.293± 0.038± 0.015 −0.49 — [79]
Belle (2016) SL τ−→ `′− ν`′ντ — 0.302± 0.030± 0.011 — — [80]
Belle (2017) Had τ− → pi−(pi0)ντ — 0.270± 0.035 +0.028−0.025 — −0.38± 0.51 +0.21−0.16 [81]
Table 7: Measurements of RD and RD∗ performed by the BaBar and Belle experiments. Had
(hadronic) and SL (semileptonic) indicate the tagging algorithm used in the analyses.
Both collaborations have exploited the fact that the Υ (4S) resonance decays exclusively
into a BB pair, either B+B− or B0B0. One of the B mesons, referred as B-tag, is
reconstructed using hadronic (Had) or semileptonic (SL) decays. The hadronic tagging
algorithms search for an exclusive hadronic B decay from a list of more than one thousand
decays, while semileptonic tagging algorithms search for B→ D(∗) `′−ν`′ decays, exploiting
their large branching fractions. The efficiencies of these algorithms are quite low, about
0.3% for hadronic and 1% for semileptonic B-tagged decays. Although the hadronic
tagging has a lower efficiency, this algorithm is the most widely used. In this case, in fact,
the B-tag decay is fully reconstructed and all remaining particles in the event are coming
from the other (signal) B decay. This allows the precise measurement of the invariant mass
squared of the undetected particles in the signal decay, m2miss = (pe+e−−ptag−pD(∗)−p`′)2,
where pe+e− , ptag, pD(∗) and p`′ are the four-momenta of the colliding beam particles, the
B-tag candidate, the D(∗) meson and the light lepton. The m2miss distribution peaks around
zero when only one neutrino is present in the decay (this is the case for the normalisation
B→ D(∗) `′−ν`′ modes), while peaks at larger values when more neutrinos are present
(signal decays), or any other particle is not detected.
Using leptonic τ decays and the hadronic B-tag, both experiments have exploited
their full data sample to perform simultaneous analyses of B0→ D∗+ τ−ντ , B0→ D+ τ−ντ ,
B−→ D∗0 τ−ντ and B−→ D0 τ−ντ decays in the q2 > 4 GeV2/c4 region (q2 is the invariant
mass squared of the lepton-neutrino system), where the contribution from signal decays
is enhanced. The D∗+ candidate is reconstructed in both D0pi+ and D+pi0 decay modes,
while for the D∗0 the D0pi0 and D0γ decay channels are used. The D0 and D+ mesons are
reconstructed using different two-, three- and four-body final states. The analyses in both
experiments assume isospin conservation (RD∗ = RD∗− = RD∗0 and RD = RD− = RD0).
The BaBar collaboration has performed a two-dimensional fit to m2miss and E
∗
`′ , the energy
of the light lepton in the B rest frame [77,78]. The Belle experiment has split the data in
two regions, below and above m2miss = 0.85 GeV
2/c4, and performed a simultaneous fit to
the two sub-samples [79]. In the low region, only the m2miss distribution is fitted, while in
the high region, a two-dimensional fit is performed using the m2miss and the output of a
neural network, optimised to suppress contributions from background events. The neural
network includes m2miss, E
∗
`′ , kinematic variables and information from the calorimeter
system. The projection of the fit results on m2miss for the BaBar analysis is shown in
Fig. 11. An important background contribution arises from B → D∗∗`′−ν`′ decays, where
D∗∗ represents excited charm-meson states with a mass greater than that of the D∗− and
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Figure 11: Projections on m2miss from a simultaneous fit to four D
(∗)`′ samples at BaBar. Taken
from Ref. [77].
D∗0 mesons. These decays, whose branching fractions are not well known, pollute the
m2miss range between the peak at m
2
miss ∼ 0 and the signal region.
The Belle experiment has also performed two additional measurements of RD∗ . The
first one using semileptonic B-tag and leptonic τ decays [80], and the second with hadronic
B-tag and 1-prong hadronic τ decays [81]. The latter includes also a measurement of the
τ polarisation, Pτ (D
∗) = −0.38± 0.51 +0.21−0.16. In order to tag semileptonic B decays, a D∗+
is combined with a light lepton. The cosine of the angle between the B0 momentum and
the D∗+`′− in the Υ (4S) rest frame, cos θB−D∗`′ , is then calculated under the hypothesis
that only one massless particle is not reconstructed. The final sample is composed
by a 5% (68%) of signal (normalisation) events, estimated from simulation. A neural
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network, ONB, is trained using simulated samples in order to separate the signal from the
normalisation events. This neural network uses as input cos θB−D∗`′ , m2miss and the visible
energy Evis =
∑
iEi, where Ei is the energy of the ith particle in the Υ (4S) rest frame.
The ratio RD∗ is obtained from a two-dimensional extended maximum-likelihood fit to
cos θB−D∗`′ and ONB. Three parameters are floating in the fit: the signal, the normalisation
and the B→ D∗∗`′−ν`′ components. The dominant systematic uncertainties are due to
the limited statistics of the simulated samples and the knowledge of the B→ D∗∗`′−ν`′
decays. The hadronic B-tag and 1-prong hadronic τ decay analysis includes semitauonic
B decays with a D∗− or a D∗0 in the final state. The separation of signal events from
background sources is obtained through a fit to a single variable EECL, the energy of the
electromagnetic calorimeter clusters not associated to the reconstruction of the B-tag and
the signal candidate. The signal is normalised with respect to the average of B→ D∗`′−ν`′
decays. The most important backgrounds are due to events with incorrectly reconstructed
D∗ candidates and contributions from B→ D∗∗`′−ν`′ decays which are poorly known.
6.3 Results from the Large Hadron Collider
At a pp collider such as the LHC, bb pairs are produced with a broad energy spectrum
that does not allow using the missing-mass technique developed at the B-factories to
estimate the momentum of the Hb hadron. The Hb direction of flight can be exploited
instead. The long flight distance of the Hb hadron combined with the excellent resolution
of the LHCb vertex detector provides the measurement of its direction of flight, defined
by the vector pointing from the PV to the Hb decay vertex. This information is employed
not only to estimate the Hb four-momentum, but also to suppress the background due to
the additional particles produced at the PV.
LHCb has performed measurements of the ratios RD∗ and RJ/ψ using leptonic
τ−→ µ− νµντ decays, and RD∗ using 3-prong hadronic τ−→ pi−pi+pi−(pi0) ντ decays. The
results are summarised in Tab. 8. The three analyses are based on the LHCb Run1 data
collected in pp collision at energies of 7 and 8 TeV and corresponding to an integrated
luminosity of 3 fb−1.
Observable τ decay Value Ref.
RD∗ τ
−→ pi−pi+pi−(pi0) ντ 0.291± 0.019± 0.029 [82,83]
RD∗ τ
−→ µ− νµντ 0.336± 0.027± 0.030 [84]
RJ/ψ τ
−→ µ− νµντ 0.71± 0.17± 0.18 [85]
Table 8: Measurements of RD∗ and RJ/ψ performed by the LHCb experiment.
For the RD∗ measurement using leptonic τ decays [84], the B
0-hadron momentum,
pB, is approximated by scaling the D
∗+µ− momentum by the ratio of the B0 mass to
the D∗+µ− mass. The RD∗ ratio is obtained from a three-dimensional fit to data, using
templates obtained from simulation and validated using data control samples, including
q2, E∗µ (the energy of the muon in the B CM system), and the missing mass squared,
calculated as m2miss = (pB − pD∗− − pµ)2, where pB, pD∗− and pµ are the four-momentum
of the B, the D∗− and the muon. The fit projections are shown in Fig. 12. The main
systematic uncertainties arise from the limited statistics of the simulated samples and the
knowledge of the contribution from doubly-charmed B→ D∗−D(X) decays.
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using 3-prong hadronic τ decays at LHCb. Taken from Refs. [82, 83].
Using 3-prong hadronic τ decays the LHCb collaboration has also measured the
ratio of branching fractions B(B0→ D∗+ τ−ντ )/B(B0 → D∗−pi+pi−pi+) [82,83]. From this
measurement, RD∗ can be obtained using the B
0→ D∗−pi+pi−pi+ and B0→ D∗+ µ−νµ
branching fractions as external inputs [1]. Thanks to the use of the τ−→ pi−pi+pi−(pi0) ντ
decay, it is possible to exploit the τ decay vertex. The B0 and τ momenta are estimated
imposing constraints on the B0 and τ masses, in order to reconstruct the τ decay time
and q2 = (pB − pD∗−)2. The dominant background due to inclusive B→ D∗−pi+pi−pi+(X)
decays is highly suppressed by requiring the τ vertex to be significantly displaced from the
B vertex. The remaining background is dominated by doubly-charmed B→ D∗−D(X)
decays, where D represents a D+s , D
0 or D+ meson. A boosted decision tree (BDT) is
trained to suppress this background. The BDT includes information from the calorimeter
system to suppress events where a photon or a pi0 are present, the invariant masses of
oppositely charged pion pairs, the invariant mass of the D∗−pi+pi−pi+ system and additional
kinematic variables. After applying a requirement on the BDT, a three-dimensional fit
to the BDT, the τ decay time and the q2 variable is performed. The fit projections are
shown in Fig. 13. The main systematic uncertainties are due to the limited size of the
simulated samples and the knowledge of the doubly-charmed decays B→ D∗−D(X).
In addition to the RD∗ measurements the LHCb collaboration has taken advantage
of the B+c production at the LHC to measure the ratio RJ/ψ using leptonic τ decays [85].
The J/ψ meson is reconstructed using the µ+µ− final state, which offers a clear trigger
signature that helps compensating for the small B+c production. The B
+
c momentum is
approximated in the same way as in the RD∗ measurement. The ratio RJ/ψ is obtained
from a three-dimensional binned fit to m2miss, the B
+
c decay time and Z[q
2, E∗µ], a discrete
variable representing eight bins in (E∗µ, q
2). The B+c decay time helps to separate the signal
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from backgrounds due to B0 and B+ decays. The signal and background components
are described by templates obtained from simulated events and validated with data. The
fit projections are shown in Fig. 14. As for the other analyses, a significant part of the
systematic uncertainty is due to the size of the simulation samples, but contrary to the
RD∗ measurements, the systematic uncertainty due to the poor knowledge of the form
factors involved in B+c semileptonic decays and its consequence on the shapes extracted
from the simulation and used in the fit is also important.
A summary of the measurements of RD and RD∗ performed at the B-factories and by
LHCb is shown in Fig. 15.
6.4 Standard Model predictions
As discussed in Sec. 4, FCCC b→ c `−ν` transitions are described through an effective
Hamiltonian that allows separating the amplitude into a leptonic tensor and a hadronic
tensor of the form 〈Hc|c¯γµ(1− γ5)|Hb〉. The latter can be can be decomposed on a basis
of possible Lorentz structures, which depend on the spin of the two mesons. In the case of
a final D-meson (spin 0), the SM prediction involves 2 form factors, f+ and f0, whereas
4 form factors, V and A0,1,2, are involved in case of the D
∗ meson (spin 1) (a similar
decomposition occurs in the case of the decay B−c → J/ψ`−ν`). The same form factors
are involved even in the presence of NP, unless tensor operators are present (requiring
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from Ref. [18] (online update).
additional form factors).
The expressions of the differential decay rates (including the angular dependence)
have been known for some time [86]. In the case of B→ D∗, it is possible to include the
subsequent decay D∗→ Dpi, which adds further kinematics variables (in particular the
angle between the D and D∗ mesons – the corresponding expressions can be found in
Refs. [87–89]).
The decay rates for the heavy τ lepton and the light e and µ leptons differ by terms
proportional to mτ , meaning that the ratios testing LU with these modes will involve
specific ratios of form factors (e.g. f0/f+ for the D meson, A0/V for the D
∗ meson). This
implies that the SM predictions for the ratios RD, RD∗ and RJ/ψ will not be equal to 1,
and that they will rely on information concerning ratios of form factors.
• For B→ D`−ν`, the form factors were evaluated by two different lattice collabora-
tions, MILC and HPQCD [48,90]. In Ref. [91], the results were combined together
with experimental information from B factories on f+ (assuming no NP in decays
involving light leptons) that leads to very similar results for RD (but not for other
quantities like |Vcb|).
• For B→ D∗`−ν`, the strong decay of the D∗ meson makes the theoretical evaluations
of the form factors more complicated. In Ref. [92], these form factors were expressed
using the Heavy-Quark Expansion (HQE) supplemented with estimates of higher-
order corrections and combined with experimental results on B → D∗e−νe and
B→ D∗µ−νµ, assuming that no NP is present in decays involving light leptons.
Concerns have been raised recently about HQE-based parameterisations of the
B→ D(∗)`−ν` form factors, potentially affecting the extraction of |Vcb| [93]. However,
fits using different HQE-inspired parameterisations and combining experimental
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Observable SM prediction Ref.
RD 0.299± 0.011 [48]
RD 0.300± 0.008 [90]
RD 0.299± 0.003 [91]
RD 0.299± 0.004 [106]
RD∗ 0.252± 0.003 [92]
RD∗ 0.260± 0.008 [107]
RD∗ 0.257± 0.005 [106]
RJ/ψ 0.268
+0.018
−0.001 [99]
RJ/ψ 0.283± 0.048 [102]
Table 9: SM predictions for the LU ratios.
results on light-lepton decays, Light-Cone Sum Rules, and lattice inputs show very
little dispersion in the predictions for RD and RD∗ [94]. These predictions do
not take into account the width of the D∗-meson, whose effect is currently under
investigation and could have a noticeable impact of a few percent on the measurement
of RD∗ [95, 96].
• Estimates of the electromagnetic radiative corrections [97] suggest that soft-photon
corrections could enhance the SM prediction for RD and RD∗ (comparing τ and µ
modes) by 5% and 3% respectively, for a soft photon energy cut between 20 and
40 MeV.
• The situation is less satisfactory in the case of B−c → J/ψ`−ν` form factors, as
the same methods cannot be used easily due to the c-quark mass which is of the
same order as the typical QCD scale Λ and thus neither light nor heavy. Model
computations exist [98–102], but there are (up to now) no lattice or Light-Cone
Sum Rules estimates for these form factors, and the systematics attached to these
predictions remain difficult to assess (see Refs [103–105] for preliminary results in
this direction).
This leads to the predictions listed in Tab. 9 and summarised in Fig. 15. RD and RD∗
exceed the SM predictions by around 2.3σ and 3.0σ, respectively, leading to a combined
pull around 3.6–3.8 σ depending on the particular choice for the SM prediction of RD∗ .
A last comment is in order here. The integrated branching fractions contain only a
part of the information that can be extracted from these decays. The q2 dependence of
the differential decay rate for B→ D`−ν` provides also interesting information as various
operators of the effective Hamiltonian can affect this shape differently. The overall shape
is currently compatible with the SM within errors [94, 108]. There are also predictions for
other observables, in particular the angular observables [87, 88] describing the kinematics
of the decay products.
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7 Lepton Universality tests in b→ s `+`− decays
Decays of B hadrons involving a loop-level transition of the type b→ s `+`− provide an
ideal laboratory to test LU. This class of decays presents different challenges compared to
the more frequent, leading-order, b→ c `−ν` decays (see Sec. 6), both experimentally and
theoretically.
7.1 Introduction
Since there are no tree-level contributions in the SM, FCNC decays are highly suppressed
and hence provide an increased sensitivity to the possible existence of NP. The leading
Feynman diagrams of a b→ s `+`− transition proceed through the exchange of either a
Z/γ penguin, or a W+W− box, as illustrated in Fig. 2.
Sensitive probes of LU that exploit b→ s `+`− decays are ratios of the type [109]:
RHs =
∫ q2max
q2min
dΓ(Hb→Hsµ+µ−)
dq2
dq2∫ q2max
q2min
dΓ(Hb→Hse+e−)
dq2
dq2
, (29)
where Hb represents a hadron containing a b-quark, such as a B
+ or a B0 meson, Hs
represents a hadron containing an s-quark, such as a K or a K∗ meson, and q2 is the
invariant mass squared of the dilepton system integrated between q2min and q
2
max. As
outlined in Sec. 4.3, ratios of branching fractions allow very precise tests of LU, as
hadronic uncertainties in the SM predictions are largely reduced, QED corrections are
controlled at the level of ∼ 1% [110], and experimental systematic uncertainties cancel to
a large extent. In the SM such ratios, expected to be close to unity above the dimuon
threshold [109,111,112], are sensitive to contributions from new particles that can induce
a sizeable increase or decrease in the rate of particular decays. These contributions can
also modify the angular distribution of the final-state particles, which can provide further
tests of LU.
As discussed in Sec. 5.3, there are significant differences between electron and muon
reconstruction performances for experiments operating at the B-factories compared to
the LHC. Nevertheless, some features are common: for example, the regions around the
charmonium resonances are vetoed, as being dominated by SM hadronic physics (see
Sec. 4.2), and the K∗ is reconstructed in a mass region dominated by the K∗(892) state,
where the pollution from partial waves other than the P-wave can be neglected. The last
assumption is supported by the fact that the fraction of the Kpi S-wave component is
relatively small [113], and similar between electrons and muons [65] within the current
statistical precision. However, let us add that NP can potentially modify the relative
fraction of K∗ partial waves.
7.2 Results from the B-factories
The BaBar and Belle experiments have exploited the clean environment of e+e− colliders
and the knowledge of the BB initial-state provided by running at the Υ (4S) resonance to
make the first measurements of the RK(∗) ratios [114,115].
Data samples corresponding to about 433 and 605 fb−1 of e+e− collisions have been
examined by the two collaborations, respectively. Both charged and neutral B→ K(∗)`+`−
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Figure 16: Fits to (left) B→ Kµ+µ− and (right) B→ Ke+e− candidates at low recoil (q2 >
10.11 GeV2/c4), but excluding the ψ(2S) mass region, at BaBar. Taken from Ref. [114].
decays are reconstructed, where the hadronic system can be a K0S , K
±, K∗0 or K∗± meson.
The K0S is reconstructed via its decay to a pi
+pi− pair, and the K∗ via its decay to Kpi. The
knowledge of the initial-state energy allows the exploitation of beam-energy constraints
to identify candidates consistent with B→ K(∗)`+`− decays and control the background
contamination. Peaking backgrounds are vetoed by means of specific requirements, while
the combinatorial and continuum backgrounds are reduced by the use of multivariate
analysis techniques that exploit several event properties to allow separation with respect
to the signal. When reconstructing electrons, bremsstrahlung photons are recovered
by including neutral clusters consistent with the electron direction in the calorimeter.
Furthermore, background coming from photon conversions is typically rejected at low
dielectron masses. The yields are extracted by BaBar in two regions of q2 (Fig. 16 for the
high-q2 region), below the J/ψ and above the ψ(2S) resonances, while Belle determines
the yields in six bins of q2, where the regions around the charm resonances are excluded.
The RK(∗) measurement is presented by BaBar in two regions of q
2, while only in one
by Belle. The results have a relative precision of 20 to 50%, which is dominated by the
statistical uncertainty. Systematic uncertainties due to the hadronic system largely cancel,
the only remaining ones stemming from the lepton identification and signal extraction. A
summary of the RK(∗) measurements is presented in Table 10 and in Fig. 21.
The Belle experiment has analysed about 711 fb−1 of e+e− collisions and made the
first test of LU using angular observables [116]. A combined analysis of B→ K∗µ+µ− and
B→ K∗e+e− decays, with both charged and neutral B meson decays, has been performed.
Signal yields are extracted by fitting the beam-energy constrained mass, Mbc (Fig. 17).
The differential decay rate of these transitions can be described by three angles and q2. The
coefficients that appear in the differential decay-rate expression can be combined to define
new angular observables, P
′
i [117–119], that are largely free of form-factor uncertainties.
To take full advantage of the limited statistics, a folding technique that exploits the
symmetries of the decay rate can be adopted, allowing the measurement of P
′
4 and P
′
5.
In order to test LU, the difference between such observables for the two leptonic modes,
Qi [120], is determined. The analysis is performed in four independent bins of q
2, as well
as in an extended region that covers the range 1–6 GeV2/c4. Maximum likelihood fits to
the angular distributions are performed to measure each observable in each bin q2. The
data combines all charged and neutral decay channels, but is split between the muon and
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Figure 17: Fits to (left) B→ K∗µ+µ− and (right) B→ K∗e+e− candidates in the full q2 range,
but excluding the J/ψ and the ψ(2S) mass regions, at Belle. Taken from Ref. [116].
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Figure 18: Distribution of the (left) P
′
5 and (right) Q5 observables at Belle. Taken from Ref. [116].
electron modes to test LU. The precision of the results is limited by the size of the data
sample. The largest systematic uncertainty is due to the modelling of the efficiency. The
distribution of the angular observables as a function of q2 is shown in Fig. 18.
7.3 Results from the Large Hadron Collider
The LHCb experiment at the LHC has made the first measurements of the RK(∗) ratios
at a hadron collider using the Run1 dataset corresponding to about 3 fb−1 of pp collisions
at centre-of-mass energies of 7 and 8 TeV [65,70].
Compared to e+e− machines, a hadronic collider introduces significant challenges due
to the unknown initial state and the much busier environment that causes differences
in the treatment of decays involving muons or electrons in the final state. The high
bremsstrahlung rate for electrons due to the higher energies, and the low efficiency of
the hardware trigger due to the high occupancy of the detector complicate the analysis
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Figure 19: Two-dimensional distribution of q2 as a function of the reconstructed (left) K+µ+µ−
and (right) K+ e+e− mass at LHCb. Taken from Ref. [70].
procedure, in particular making it more difficult to separate signal from backgrounds. A
dedicated bremsstrahlung recovery procedure is used to improve the electron momentum
reconstruction, and signal candidates are classified depending on how many calorimeter
clusters consistent with bremsstrahlung photons were recovered. However, the limited
performances still degrade the resolution of the reconstructed invariant masses of both the
dielectron pair and the B candidate (as shown in Fig. 19). In order to mitigate the signal
loss due to the low efficiency of the calorimeter hardware trigger, decays with electrons
in the final state are also selected through the hadron hardware trigger, using clusters
associated with the decay products of the hadronic system, or by any hardware trigger
from particles in the event that are not associated with the signal candidate. Several
control samples identified on data are used to study the reconstruction performances
(e.g. bremsstrahlung recovery, trigger and PID), in particular B→ K(∗)J/ψ (→ e+e−)
decays, and ultimately the precision of the measurements is dominated by the statistical
uncertainty of the decays involving electrons.
Both charged and neutral B decays are studied, but the hadronic system is only
reconstructed using charged K and pi mesons to exploit the very good performances of the
tracking and vertexing systems. Specific vetoes for peaking backgrounds are applied and
the combinatorics is controlled using BDT or neural-network classifiers, while residual
background due to decays where one or more of the products of the B decay are not
reconstructed is modelled in the fit. The yields are extracted using one-dimensional fits to
the reconstructed B mass, separately in trigger and bremsstrahlung categories (Fig. 20).
The RK ratio has been measured in the q
2 region between 1.0 and 6.0 GeV2/c4, while
RK∗ in two regions of q
2 (between 0.045 and 1.1 GeV2/c4, and between 1.1 and 6.0 GeV2/c4).
Measurements have been performed as double ratios to the resonant B→ K(∗)J/ψ (→ `+`−)
modes to help mitigate the effect of significant differences in reconstruction performance
between decays with muons or electrons in the final state. Due to the similarity between
the reconstruction efficiencies of B→ K(∗)`+`− and resonant decay modes, many sources
of systematic uncertainty are substantially reduced. The main residual experimental
systematics are due to the modelling of the trigger response and description of the
bremsstrahlung emission. The RK measurement has a relative precision of about 12%,
while for RK∗ this amounts to about 17% in either q
2 bins. A summary of the RK(∗)
measurements is presented in Tab. 10 and in Fig. 21.
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Figure 20: Fit to (left) B0→ K∗0µ+µ− and (right) B0→ K∗0e+e− candidates in the region
1.1 < q2 < 6.0 GeV2/c4 at LHCb. Taken from Ref. [65].
Experiment (year) Hs type q
2 range [ GeV2/c4 ] Value Ref.
Belle (2009) K 0.0 − kin. endpoint 1.03± 0.19± 0.06 [115]
Belle (2009) K∗ 0.0 − kin. endpoint 0.83± 0.17± 0.08 [115]
BaBar (2012) K 0.10 − 8.12 0.74+0.40−0.31 ± 0.06 [114]
BaBar (2012) K > 10.11 1.43+0.65−0.44 ± 0.12 [114]
BaBar (2012) K∗ 0.10 − 8.12 1.06+0.48−0.33 ± 0.08 [114]
BaBar (2012) K∗ > 10.11 1.18+0.55−0.37 ± 0.11 [114]
LHCb (2014) K+ 1.0 − 6.0 0.745+0.090−0.074 ± 0.036 [70]
LHCb (2017) K∗0 0.045 − 1.1 0.66+0.11−0.03 ± 0.05 [65]
LHCb (2017) K∗0 1.1 − 6.0 0.69+0.11−0.07 ± 0.05 [65]
Table 10: Summary of the RK(∗) measurements performed at the B-factories and by the LHCb
experiment. The first uncertainty is statistical and the second is systematic.
7.4 Standard Model predictions
As discussed in Sec. 4 interesting LU observables can be designed by comparing the
branching fractions or the angular observables between final states with electrons and
muons. In contrast with the tree-level case (τ lepton versus light leptons), the two leptons
have light masses that can be neglected over most of the phase space, apart from the
region of very small q2.
Theoretical predictions in the SM for RK and RK∗ are extremely accurate [121,122]
as hadronic uncertainties cancel to a large extent. RK needs only f+/f0 for the m
2
`/q
2
suppressed part of the branching fraction. RK∗ involves several helicity amplitudes with
a large number of form factors, however, some of them are suppressed due to the V –A
structure of the SM and the smallness of the lepton masses, leading to a good theoretical
control of these quantities. Moreover, electromagnetic corrections have been estimated to
be small and under control [110]. Some SM predictions are listed in Tab. 11. Finite-width
effects and the underlying S-wave component of the Kpi system were also discussed, with
no indications of significant contributions [123–125].
The RK and RK∗ measurements performed by the LHCb collaboration are found to
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Figure 21: Summary of the RK(∗) measurements performed at the B-factories and by the LHCb
experiment. Results are presented using different coloured markers. The (yellow) vertical line
corresponds to the SM prediction.
Observable Ref. [126] Ref. [127] Ref. [128] Ref. [110]
RK (1.0 < q
2 < 6.0 GeV2/c4) 1.00± 0.01 1.0004+0.0008−0.0007 — 1.000± 0.010
RK∗ (0.045 < q
2 < 1.1 GeV2/c4) 0.92± 0.02 0.920+0.007−0.006 0.9259± 0.0041 0.906± 0.028
RK∗ (1.1 < q
2 < 6.0 GeV2/c4) 1.00± 0.01 0.996+0.002−0.002 0.9965± 0.0006 1.000± 0.010
Table 11: SM predictions for the RHs LU ratios.
be 2.6σ and 2.1–2.5σ lower than the SM expectation (Fig. 21), respectively [65, 70]. The
BaBar and Belle measurements, which have a more limited precision, are found to be
in agreement with the SM expectation. Significant deviations with respect to the SM
predictions would indicate a violation of LU that cannot be due to hadronic effects, as
these would impact in the same way b→ s µ+µ− and b→ s e+e− transitions. Such effects,
however, are particularly relevant in regard to the deviations observed in b→ s µ+µ−
alone, where there is an ongoing discussion concerning the size of hadronic effects (see
Sec. 8.1.2). It is sometimes stated that RHs observables have always limited hadronic
uncertainties, but this statement must be modulated. More specifically, the hadronic
uncertainties remain small as long as there are no significant LU-violating effects. If these
are present, interferences between LU-violating and conserving contributions may spoil
the cancellation of hadronic uncertainties. These effects might come from NP or from
lepton-mass effects in the SM. The latter are only important at low q2, wherever m2`/q
2
is not small compared to 1 (e.g. below q2 ∼ 1 GeV2/c4), and affect in particular the first
measured bin in RK∗ . In this bin one thus expects larger theoretical uncertainties than in
the region above 1 GeV2/c4, as well as at any value of q2 in the presence of LU-violating
NP [120,129].
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As discussed in Sec. 7.2, LU violation can be probed using angular observables. This
was in particular proposed through the difference of angular coefficients or their optimised
versions [120, 130, 131]. The latter correspond to the difference of muon and electron
optimised observables Pi that exhibit a limited sensitivity to hadronic effects [117–119].
These LU observables are predicted to vanish in the SM (apart from the very low q2
region where phase-space effects lead to slight differences between muon and electron
modes), and exhibit a limited enhancement of hadronic uncertainties in the presence of NP
contributions. The current Belle measurements are compatible with the SM within large
uncertainties (Fig. 18), with the largest deviation from the SM observed for muons in the
q2 region 4–8 GeV2/c4 at the 2.6 σ level (only 1.3σ for electrons in the same region) [116].
8 Interpretation of Lepton Universality tests in b-
quark decays
As discussed in Sec. 6 and Sec. 7 there are hints of LU violation in both b→ c `−ν` and
b→ s `+`− transitions: RD and RD∗ exceeds the SM predictions by around 2.3σ and 3.0σ,
respectively; RK lies about 2.6σ below the SM expectation (1.0 < q
2 < 6.0 GeV2/c4);
and RK∗ lies around 2.1–2.5σ below the SM prediction (0.045 < q
2 < 1.1 GeV2/c4 and
1.1 < q2 < 6.0 GeV2/c4). These deviations from LU observed in semileptonic b→ c `−ν`
and b→ s `+`− transitions may not be explained within the SM and suggest a NP origin.
This can be analysed either in a general Effective Field Theory approach or through
specific NP models. The challenge does not consist only in explaining the deviations from
LU observed in both decays, but also to reproduce other related measurements. More
specifically, these NP explanations should reproduce the pattern of deviations observed in
b→ s µ+µ− observables, such as the branching fractions inB→ Kµ+µ−, B→ K∗µ+µ− and
B0s→ φµ+µ− [125,132,133] as well as the B→ K∗µ+µ− angular observables [116,134–138].
On the other hand, these NP explanations should not contradict constraints on LU
in other sectors discussed in Sec. 3, they should not generate lepton-flavour violating
processes above the current experimental bounds and they should not disagree with the
experimental bounds on direct production of heavy NP particles at the LHC.
8.1 Effective Field Theory approach
In order to explain the deviations of measurements from the SM expectations, one can
perform a model-independent analysis by considering the relevant effective Hamiltonian,
determining the values of the short-distance Wilson coefficients from the data, and
comparing them with respect to the SM computation. This can be achieved by either only
assuming the SM basis or including further operators. The described method is usually
referred to as the Effective Field Theory (EFT) approach.
Additional NP contributions are often assumed to be real, as there have been no
signs of CP violation in these processes up to now. Even though there is no theoretical
reason for the alignment of SM and NP sources of CP violation, the absence of additional
sources of CP violation due to NP is empirically supported by the current data where
CP-asymmetries have been measured as compatible with zero for B+→ K+µ+µ− and
B0→ K∗0µ+µ− [139], as well as by the good consistency of the CKM global fit with SM
expectations [140–142]. Under these assumptions, a specific scenario of NP is defined by
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adding NP contributions to some of the Wilson coefficients Ci = CSMi + CNPi , and a global
fit to all relevant observables is performed to constrain the value of CNPi . For simplicity
and due to the limited set of data available, these global fits are often performed assuming
NP contributions to only one or two Wilson coefficients following motivated NP scenarios,
even though more ambitious studies are also available.
8.1.1 b→ c τ−ντ
Most of the EFT analyses assume that NP is present mainly in b→ c τ−ντ transitions,
as there are no signs of violation of LU (see Sec. 6), and more generally no signs of NP
contributions [143] for electron and muon b→ c `−ν` decays. Several types of contributions
have been considered:
• Left-handed contributions to vector and axial operators are favoured. In fact, the
relative deviations of the measured LU ratios compared to the SM are of similar sizes
for D, D∗ and J/ψ , and the q2-dependence of B(B → Dτ−ντ ) is in agreement with
the SM. A particularly simple explanation would consist in having an additional NP
contribution to the Wilson coefficient of the SM operator OV τ = (c¯γµPLb)(τ¯ γ
µPLν),
changing only the overall normalisation (but not the q2 shape) for b→ c τ−ντ
transitions. This solution is recovered in the global fits [108,144].
• Right-handed currents for b→ c τ−ντ are in principle an alternative to generate
RD and RD∗ through contributions OV ′τ = (c¯γµPRb)(τ¯ γ
µPLν). However, the con-
straints from the total lifetime of the B−c meson [145–147] (which puts a bound on
B−c → τ−ντ ) and from differential distributions in B → D(∗)τ−ν¯τ [108,148] suppress
right-handed contributions very significantly in the global fits [144], so that they
cannot be considered as viable alternatives to explain LU violation.
• Scalar and pseudoscalar couplings could in principle also mimic similar changes in RD
and RD∗ . However, the constraints described above (total lifetime of the B
−
c meson,
differential distributions in B → D(∗)τ−ν¯τ ) are in tension with a simultaneous
explanation of RD and RD∗ [149, 150] (these constraints could be avoided with
right-handed couplings [145]). Moreover, some ultraviolet complete models with an
additional neutral spin-0 particle are ruled out by LHC direct searches for resonances
in the τ+τ− final state [151].
• A tensor contribution has a distinct impact on RJ/ψ and on the τ polarisation in
B→ D∗τ−ντ , compared to other contributions, and provides a decent description of
the data [108,144]. However, such operators are not easily generated by NP theories
at the electroweak scale: in some cases, they can appear due to the evolution from
the electroweak scale down to the b-quark scale, with strong correlations with scalar
operators [143].
A typical outcome of global fits [108, 144] in terms of constraints on Wilson coefficients is
shown in Fig. 22.
More elaborate scenarios may include several of the above contributions [152]. As
indicated before, these analyses depend significantly on the hadronic uncertainties coming
from the form factors, with a rather satisfying situation for B→ D`ν transitions, but not
so much for B→ D∗`ν (and also for B−c → J/ψ`ν, even though the theoretical predictions
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Figure 22: Constraints on various Wilson coefficients for b→ c τ−ντ (from left to right: scalar,
vector and scalar). Taken from Ref. [108].
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Figure 23: Constraints on the NP contribution to the Wilson coefficients C9µ and C10µ for
b→ s `+`− (left) using only LU observables and (right) using all b→ s `+`− data. Taken from
Refs. [126,153]
are less precise in the latter case). However, the detailed analysis of the assumptions
used in order to constrain the form factors (lattice inputs, HQET relations, estimate of
1/mb suppressed corrections) indicate that there is a good consistency between the form
factor inputs, and that underestimated theoretical systematics do not appear sufficient to
explain the large deviations of RD and RD∗ from the SM [94].
8.1.2 b→ s `+`−
Compared to b→ c `−ν`, b→ s `+`− transitions are currently richer due to the large number
of observables already considered: some of them are able to test directly LU, whereas
others provide separate information for muon and electron modes. Hints for LU iolation
are found in both RK and RK∗ , in conjunction with deviations in b→ s µ+µ− observables
such as branching fractions in B→ Kµ+µ−, B→ K∗µ+µ− and B0s→ φµ+µ− [125,132,133]
as well as B→ K∗µ+µ− angular observables [116,134–138].
LU observables comparing b→ s µ+µ− and b→ s e+e− provide very powerful tests of
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the SM, with ratios of branching fractions (RK , RK∗) very close to unity [121,122] and
difference of angular observables vanishingly small [120, 131]: if significant deviations
are observed, these must be due to NP since no SM effects (and in particular no long-
distance hadronic effects) can result in a violation of LU. However, the interpretation
of these deviations in terms of NP contributions, and in particular the global fits of the
Wilson coefficients, require accurate understanding of hadronic contributions in order to
disentangle SM and NP effects in the measured observables.
As already discussed in Sec. 4, the EFT approach leads to two kinds of contributions
for these decays: local (involving form factors for the hadronic part) and non-local
(describing the propagation of cc loops, and in particular the J/ψ and excited charmonium
resonances). For the local part, form factors have been estimated in different kinematic
regimes using several kinds of LCSR computations and lattice QCD simulations, with
a good agreement and control over uncertainties [37,41,45,46,154], leading to a limited
impact on the extraction of the Wilson coefficients [129,155,156]. For the non-local part,
the contribution of charm loops can be taken into account at low-meson recoil relying on
quark-hadron duality [32]. At large-meson recoil, one can use the available computations
from LCSR [154, 157], exploit these computations as an order-of-magnitude estimate,
or take simpler estimates based on dimensional analysis. Another approach to assess
these contributions consists in adding a general parametrisation with parameters fitted to
the data. This has been implemented, for example, by adding to the decay amplitudes
either polynomials in q2 [158] fitted to branching fractions and angular observables, or
polynomials in the conformal variable z(q2) fitting not only b→ s `+`− observables but also
theoretical and experimental information on charmonia [159]. The charm-loop contribution
obtained yield results for various observables in good agreement with the predictions
obtained using the estimates in Refs. [154,157].
Global fits of NP contributions performed for LU observables only lead to equiva-
lently good fits if b→ s µ+µ− Wilson coefficients are modified in one direction or the
corresponding b→ s e+e− Wilson coefficients in the opposite direction. The significance
for the favoured NP scenarios considering only the LU observables RK and RK∗ (and
excluding other b→ s µ+µ− processes) is at the 3–4σ level [126, 127, 153, 158, 160, 161].
The violation of LU between muons and electrons is indeed significant, around 25% at the
level of the C9` coefficients. More specifically, the fit favours NP in the Wilson coefficients
corresponding to left-handed quark currents: negative CNP9µ and positive CNP10µ decrease
both B→ Kµ+µ− and B→ K∗µ+µ− whereas positive CNP9e and negative CNP10e increase
both B→ Ke+e− and B→ K∗e+e−, and thus improving the agreement with the data.
Moreover, good fits are obtained along the directions CNP9` = −CNP10` , which arises naturally
in models obeying SU(2)L invariance. A typical outcome of these global fits in terms of
constraints on Wilson coefficients is shown in Fig. 23.
A comment is in order concerning the lowest bin of RK∗ , which is dominated by the
photon pole at q2 = 0. In the EFT language, this photon contribution is described by
the LU coefficients C7,7′ related to b → sγ transitions, combined with the coupling of
the photon to the lepton pair (which is LU in the SM and indeed measured as such to
a very high accuracy, see for instance Sec. 3.4). LU-violating contributions could only
come from other operators (like C9`), which are kinematically suppressed compared to the
photon pole contribution. Therefore, NP contributions can improve the agreement with
experiment slightly, but they would not be able to reproduce the central value currently
measured for the RK∗ in this bin without contradicting measurements at higher q
2 (this
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is however not a problem within the current experimental uncertainties).
The degeneracy between NP contributions in b→ s µ+µ− and b→ s e+e− for LU
observables is lifted once separate b→ s µ+µ− and b→ s e+e− observables are included (in
particular angular observables). Recent combined analyses [126,127,153,162] single out
some NP scenarios preferred over the SM with a significance at the 5σ level, consistently
with earlier analyses that were mainly restricted to b→ s µ+µ− processes [155,163–165].
These scenarios agree with the ones presented above for fits restricted to LU observables.
This is particularly the case where NP contributions enter only C9µ and in both C9µ
and C10µ, for which constraints can be extracted much more precisely than from the
restricted set of LU observables. With this extended set of observables, there is still the
possibility of adding NP also in electron Wilson coefficients, which however is not very
much constrained, and suggests a much smaller NP coupling to electrons compared to
muons. Scalar, pseudoscalar and tensor contributions are not favoured by the fits to the
data [126,127,153,162].
8.1.3 Common explanations
The EFT approach provides a framework to correlate the LU deviations in the tree-
and loop-level b-quark transitions. This can be achieved within the Standard Model
Effective Field Theory (SMEFT), which is the effective theory obtained at the electroweak
scale assuming that NP occurs at a sufficiently high scale, and yields only additional
higher-dimensional operators to the SM [166–169]. Since both LU deviations are well
explained by a NP vector contribution to left-handed fermions, it is quite natural to
investigate the fairly general structure [170,171]:
LNP ∝ λqilλ`αβ[CT (Q¯iLγµσaQjL)(L¯αLγµσaLβL) + CS(Q¯iLγµQjL)(L¯αLγµLβL)] (30)
with the fermion doublets expressed as QiL ∼ (V ∗jiujL, dL) and LαL = (ναL, `αL), CS and CT
are singlet and triplet couplings (with respect to SUL(2)) in this EFT extension, and λ
q
and λ` flavour matrix couplings.
In this framework, the same four-fermion operator (Q¯iLγµQ
j
L)(L¯
α
Lγ
µLβL) yields both
FCNC and FCCC processes: the effect in RD(∗) is correlated to b→ s `+`− and/or to
b → sνν, following the pattern of NP contributions CNP9µ = −CNP10µ . Since b→ c `−ν`
processes are mediated already at tree level in the SM, a rather large NP contribution
is required and in principle large contributions to b→ sνν¯ processes also appear. These
bounds from B → K(∗)νν¯ can be avoided if the coupling structure is mainly aligned
to the third generation, but this enters in conflict with direct LHC searches [151] and
electroweak precision observables [172]. Important constraints come also from lepton-
flavour violating decays [171] which can constrain some of the couplings significantly
(for instance B→ Kµτ [173]). Another solution to this problem consists in assuming
CT ' CS [167, 169]. Due to SU(2)L invariance, a large enhancement of b→ s τ+τ−
processes can then be expected [174].
Flavour symmetries can be used to ensure the proper hierarchy of couplings to the
other families and to avoid too large lepton-flavour violating processes. In many analyses,
only one generation (in the interaction eigenbasis) is assumed to have non-vanishing NP
couplings so that LU is violated through the misalignment between the interaction and
mass bases [175–177]. This approach ensures in particular that there is no significant
lepton-flavour violation in FCNC such as b→ s`+1 `−2 with `1 6= `2 (as could be expected in
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cases where no symmetries are invoked [178]). More extensive analyses aim at providing
models for the whole matrix of fermion couplings on the basis of flavour symmetries. For
instance, assuming an U(2)q × U(2)` symmetry among the first two generations which
is broken in order to follow the hierarchy of Yukawa couplings in the SM, it is possible
to provide a hierarchical structure for the flavour coupling matrices λq and λ` without
conflicting with other low-energy constraints or high-pT constraints [170].
8.2 Specific models
The EFT approach provides constraints on Wilson coefficients encoding the short-distance
contributions to b→ c `−ν` and b→ s `+`− processes. Discussing all possible models of
NP able to reproduce these patterns of short-distance physics is beyond the scope of
this review, but it is already interesting to discuss simple models, where only one or two
heavy intermediate particles are introduced. The quantum numbers involved in b→ c `−ν`
and b→ s `+`− processes correspond to exchanges of two heavy colourless vector bosons
(W ′, Z ′), heavy colourless scalars (charged or neutral heavy Higgs-like bosons), or heavy
coloured vector or scalar bosons (leptoquarks) [170]. In these simple models, both LU and
lepton-violating effects are often generated together (for instance in leptoquark models),
unless specific symmetries are imposed to prevent lepton-flavour violating couplings (for
instance in Z ′ models). In both cases, information on LU as well as lepton-flavour violation
(such as B→ K(∗)µτ [173]) provides interesting guides for model building, in conjunction
with constraints from direct production at the LHC.
8.2.1 b→ c `−ν`
As the FCCC b→ c `−ν` transition occurs at tree level in the SM, NP explanations also
occur typically at tree level. Various models with single mediators have been proposed,
with heavy charged vector bosons (W ′) [179–182], heavy charged scalars (H ′) [183–190],
or coloured vector or scalar bosons (leptoquarks) [145,176,177,191–204]. A last possibility
allowed by the quantum numbers of the fermions involved consists in vector-like quarks
that mix with chiral SM quarks and change the couplings to the W boson (including
right-handed couplings), but unless light right-handed neutrinos are introduced, they do
not affect the couplings to the leptons and thus yield LU contributions which are not of
interest here.
Heavy vector and scalar bosons are disfavoured by the global fits (scalar) and by
the direct LHC searches (vector) [151, 179]. Leptoquark models provide a larger set of
possibilities, with six different type of representations (lumping together representations
differing only through hypercharge) [143,170,205]: three are scalar leptoquarks (S1, R2, S3)
and three are vector leptoquarks (U1, V2, U3). All of them are triplets under SUC(3),
but they have different representations under SUL(2): singlet (S1, U1), doublet (R2, V2)
or triplet (S3, U3). Two of them, S1 and R2, are able to generate tensor contributions
(correlated with scalar contributions). Leptoquark models are also bounded by high-pT
constraints [151], but the bounds can be avoided by assuming large couplings to the
second generation [176,206,207].
The extension of this discussion to more general frameworks is possible and leaves
room for other types of models. For instance, one may consider supersymmetric models
allowing for couplings violating R-parity [204].
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8.2.2 b→ s `+`−
The discussion of b→ s `+`− deviations has involved mainly Z ′ models, leptoquarks and
composite models, that are generally tuned in order to reproduce a particular pattern
of NP contributions to Wilson coefficients. Interestingly, due to their quantum numbers,
leptoquarks contribute only at the loop level, typically of the same size as the SM
contribution.
The general outcome of global fits is a significant contribution to C9µ. Z ′ models with
couplings to leptons can easily yield such CNP9µ -like solution avoiding gauge anomalies. In
this context, models gauging the Lµ − Lτ number [208–211] have been investigated in
detail as not generating effects in electron channels. Concerning leptoquarks, a CNP9µ -like
solution can only be generated by adding two scalar or two vector representations [170].
Another popular scenario is to require that CNP9µ = −CNP10µ, as it obeys the SU(2)L ×
U(1)Y symmetry expected from SMEFT. This pattern can be achieved in Z
′ models with
loop-induced couplings [212] or in Z ′ models with heavy vector-like fermions [180, 181], or
in Z ′ models with a gauged horizontal symmetry [213]. Concerning leptoquarks, here a
single representation (either R2 or U1) can generate a CNP9µ = −CNP10µ solution [176,177,195,
196,198,214,215]. This pattern can also be obtained in models with loop contributions
from heavy new scalars and fermions [216–218]. Composite Higgs models are also able to
achieve this pattern of deviations [219].
Supersymmetric models like the MSSM experience difficulties to generate large NP
contributions to C9`, as these are due to loop diagrams of supersymmetric particles
(and thus significantly suppressed compared to the SM) [156, 218]. More elaborate
supersymmetric models may be able to accomodate these data, for instance the ones
violating R-parity which contain leptoquarks in their spectrum.
8.2.3 Common explanations
Since hints of LU deviations are only seen in b-quark transitions involving leptons, it is
tempting to build models explaining both FCCC and FCNC deviations simultaneously.
The LU ratios RD(∗) could be explained with a NP contribution of O(10%) of the
tree-level SM contribution. On the other hand, b→ s µ+µ− should be affected by a NP
contribution of approximately 25% of the loop- and CKM-suppressed SM contribution.
This suggests NP models able to generate O(1) couplings to the third generation, moderate
couplings to the second generation and small or vanishing couplings to the first generation,
reminiscent of the hierarchy present for the SM Yukawa couplings. Moreover, these NP
models must not generate FCNC processes violating lepton flavour, like B→ K(∗)eµ or
B→ K(∗)τµ at a level already measured (it is also true for FCCC b→ c `−ν` processes,
but not possible to test experimentally due to the impossibility to test the flavour of the
neutrino emitted).
Simple models through the exchange of a single particle are very constrained by both
sectors [170] as well as by low-energy processes, in particular B0s -B
0
s mixing, B→ K(∗)νν,
(g − 2)µ, τ−→ µ−µ+µ−, and direct production at the LHC [170,171,220]:
• Colourless vectors do not seem to be able to accommodate all the data (hitting
either constraints from B0s -B
0
s mixing or from direct production at the LHC). It
is possible to avoid these problems by introducing additional matter fields. For
instance, one can promote the difference Lµ − Lτ into a gauge symmetry that
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yields NP contributions both in the muon and tau sectors and must be with one
generation of vector-like fermions (these models result in substantial modifications
of the τ−→ µ−µ+µ− and h→ µ+µ− decay rates [208–211,221]).
• Scalar leptoquarks may in principle provide a good fit to the data [206], but
the radiative corrections to Z→ τ+τ− and Z → νν are significant and create
a mild tension with RD∗ . This can be solved at the price of involving right-
handed neutrinos [199]. Another possibility consists in combining the contributions
from two different scalar leptoquarks. The combination of R2 and S3 provides a
particularly good description of all available data at low and high energies generating
both left- and right-handed currents. It features a complex scalar contribution to
b→ c τ−ντ and can be embedded in a SU(5) Grand Unified Theory [222]. Another
option consists in combining S1 and S3, leading to solutions with only left-handed
currents [170,206,223].
• Finally, the vector leptoquark singlet U1 gives a particularly good fit to data [170,
171,176,177,196]. However, such a massive vector leptoquark requires additional
fields to build an ultraviolet complete model, for which several possibilities have
been investigated further. For instance, models based on SU(4) Pati-Salam sym-
metry rely on partially unified gauge groups where the hypercharge and the colour
charge are combined according to a single SU(4) gauge group. Stringent bounds
coming from light-quark processes require different couplings of the leptoquark
to the different generations, leading to the introduction of a Pati-Salam gauge
group for each of the three generations [207,224–228]. Another possible ultraviolet
completion corresponds to composite models where an extended global symmetry
group is broken spontaneously to give rise to the Higgs boson (as a composite
pseudo Nambu-Goldstone boson) as well as many other particles (Higgs doublets,
leptoquarks, colourless and coloured vector bosons) [170, 229]. Related models have
been proposed, based on partial compositeness and feature heavy vector-like quarks
and leptoquarks [202,223,230–233].
9 Future measurements
The present status in b-quark semileptonic decays urges for new measurements to clar-
ify the various deviations from the SM expectations that have been observed. In the
(optimistic) scenario where these tensions are confirmed, more precise measurements
and new observables will permit to determine more accurately their pattern and source.
These sets of new measurements are at the core of the research programme of the Belle-II
and LHCb experiments, which have both published documents presenting their expected
performances for the coming years [234, 235]. All figures and numbers in this section
are based on these sources. The main milestones in terms of years of data taking and
integrated luminosities are summarised in Tab. 12.
9.1 Experimental prospects for b→ c `−ν` decays
The current measurements already exhibit a significant tension with the SM prediction,
and an important contribution to their uncertainties is of systematic nature. It is
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Experiment 2018 2021 2024 2025 2037
Belle-II — 5 ab−1 50 ab−1
LHCb 9 fb−1 23 fb−1 300 fb−1
Table 12: Summary of the considered years of data taking and corresponding integrated
luminosities for the Belle-II and LHCb experiments. The LHCb Upgrade-I has been approved
to run between approximately 2021 and 2029. A further Upgrade-II has been proposed to run
after 2031.
thus particularly important to have accurate results from two diverse experimental
environments that will be affected by different systematic effects, but the extrapolation of
such uncertainties is a non-trivial task.
The measurements of the RD∗ ratio by the LHCb experiment have systematic un-
certainties that are comparable to the statistical ones, and therefore the extrapolation
to future sensitivities should take into account their evolution as well. The two main
contributions to the systematic uncertainty are due to the modelling of the fit components
and to the limited size of the simulated samples. The background modelling is estimated
using dedicated control samples from data and larger datasets will improve its precision.
However, in order to simulate larger statistics and reduce the associated uncertainties,
challenging software developments are mandatory to speed up production times without
affecting their accuracy.
More information on b→ c `−ν` transitions will be provided by the LHCb experiment
that can measure RHc ratios using B
0
s→ D(∗)+s `−ν`, Λ0b→ Λ(∗)+c `−ν` and B−c → J/ψ `−ν`
decays. These processes have different background structures and should be affected by
different systematic uncertainties. Decays of Λ0b baryons are of particular interest since
these will allow testing for new structures of NP operators.
The Belle-II expected precision on RD, RD∗ and on the τ polarisation are given in
Tab. 13. A significant part of the systematic uncertainty for all RD(∗) ratios arises from
the knowledge of the B→ D∗∗`′−ν`′ decays, and their study is thus mandatory to reach
the ultimate precision. The projected precision for various RHc ratios from the Belle-II
and LHCb experiments is presented in Fig. 24, where the precision on RD(∗) is expected
to be comparable between the two experiments in the future.
Observable 5 ab−1 50 ab−1
RD (± 6.0± 3.9)% (± 2.0± 2.5)%
RD∗ (± 3.0± 2.5)% (± 1.0± 2.0)%
Pτ (D
∗) ± 0.18± 0.08 ± 0.06± 0.04
Table 13: Expected precision on RD, RD∗ (relative) and on the τ polarisation (absolute) from
Belle-II [234]. The first uncertainty is statistical and the second is systematic.
9.2 Experimental prospects for b→ s `+`− decays
The projected precision for various RHs ratios from the Belle-II and LHCb experiments
is shown in Fig. 25, where the precision on RK(∗) is expected to be comparable between
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Figure 24: Projected uncertainty for various RHc ratios from the Belle-II and LHCb experiments
(years are indicative). The Belle-II uncertainties include estimates of the evolution of the
systematic uncertainties. The systematic uncertainties at LHCb are assumed to scale with the
accumulated statistics until they reach limits at 0.003, 0.004 and 0.012 for RD∗ , RD and RJ/ψ ,
and 0.006 for both RDs and RΛc .
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Figure 25: Projected uncertainty for various RHs ratios from the Belle-II and LHCb experiments
(years are indicative) in the range ∼ 1 < q2 < 6 GeV2/c4. The Belle-II values include estimates
of the evolution of the systematic uncertainties (for RK∗ , the charged and neutral channels have
been combined). The LHCb uncertainties are statistical only (the precision of all measurements
will be dominated by the size of the available data samples except for RK and RK∗ at 300 fb
−1).
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the two experiments at the end of the Belle-II data taking (around 2025). The Belle-II
measurements are expected to be completely dominated by the statistical uncertainty.
For LHCb, a linear dependence of the bb production cross section on the centre-of-mass
energy and unchanged detector performances compared to Run1 are assumed. This is a
conservative approximation since from 2021 the bottleneck of the hardware trigger level
will be removed and efficiencies for channels with electrons and hadrons in the final state
will increase significantly. However, the larger pile up in the Upgrade-I could increase the
background contamination.
The RK and RK∗ ratios are the only tests of LU in b→ s `+`− decays that have been
performed so far. The same underlying quark transition can also be investigated with
other b-hadrons at the LHC. In particular, the Rφ (B
0
s→ φ`+`−) and RpK (Λ0b→ pK`+`−)
ratios can be measured to a good precision thanks to the large production cross sections
of B0s and Λ
0
b hadrons. The Rφ ratio is particularly interesting since the background level
is expected to be low due to the absence of higher hadronic resonances decaying into final
states with a φ meson. The RK and RHs ratios involving vector particles (e.g. K
∗ and φ)
are differently affected by NP contributions, which will put important constraints on the
structure of these contributions [121,122].
In the case that there will be no change in the central value currently observed for RK
and RK∗ by the LHCb experiment, around 2025 both Belle-II and LHCb will be able to
confirm LU violation in b→ s `+`− transitions with a precision significantly larger than
5σ. For LHCb, the current systematic uncertainties are of the order of 4–5%, but a
significant part of these is statistical in nature. Starting from 2018, the ATLAS and CMS
experiments are recording data with a B trigger in order to measure the RK and RK∗
ratios, however, the expected precisions are not yet known.
Concerning angular observables, the LHCb collaboration has measured the P
′
4 and
P
′
5 observables in the B
0→ K∗0µ+µ− decay mode [135] with a precision of the order of
11%. An angular analysis of the B0→ K∗0e+e− decay has been performed in a different
q2 region with an observed yield of about 120 events [236]. An extrapolation of this work
indicates that it should be possible to distinguish between different NP scenarios using
these modes [235]. In the case of Belle-II, the precision on the Q4 and Q5 observabls is
expected to reach about 5% for the three q2 bins (1–2.5, 2.5–4 and 4–6 GeV2/c4) [234].
The size of the LHCb data sample after the Upgrade-II (300 fb−1) makes this
a unique place to search for LU breaking in b→ d `+`− due to the smallness
of their branching fractions. In particular, the expected statistical precision for
Rpi = B(B± → pi±µ+µ−)/B(B± → pi±e+e−) in the q2 range between 1.1 and 6 GeV2/c4 is
around 4%.
9.3 Additional observables
The LU deviations observed in both FCCC and FCNC b-quark decays can be analysed
by invoking NP occurring through different kinds of operators (in the EFT approach) or
different types of underlying dynamics (for UV complete models). Increasing the number
of observables would thus be beneficial to shed light on the NP that could be at play.
More specifically, b→ c `−ν` transition to each lepton flavour could be investigated
by considering not only ratios, but also angular observables [87,88], the polarisation of
the τ lepton or that of the D∗ meson (for B→ D∗`ν transitions) [92, 237], final states
with mesons of higher spins like D∗∗ [238] or baryon decays [239]. As far as LU is
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concerned, one could look at ratios or differences of all these observables. Moreover, ratios
of branching fractions for electron and muon modes should be tested more precisely in
order to determine if these also exhibit LU violation.
For b→ s `+`−, a fairly comprehensive set of angular observables, Ji or Pi, has already
been measured for ` = µ. The same quantities could be measured for ` = e in order to
build LU observables such as Di = J
µ
i −Jµe [131] or Qi = P µi −P ei [120], the latter offering
smaller hadronic uncertainties and ensuring an easier interpretation in terms of NP. Similar
observables should also be studied in other modes, e.g. B0s→ φ`+`− or Λ0b→ pK`+`−,
to confirm the hints of LU violation. Time-dependent measurements could also be
considered [240]. Another possible test of LU violation is provided by Bs → `+`−γ [241].
Furthermore, it would be very important to study b→ s τ+τ− transitions, since general
EFT considerations suggest that these could be significantly enhanced compared to
electron and muon modes [174, 242, 243]. A sensitivity study [243] has been performed
for the FCC-ee collider, which may run at the Z pole and collect of the order of 1012 Z
bosons. In this environment a B→ K∗τ+τ− branching fraction at the SM value could
be measured with a precision of about 5%. Since a few thousands B→ K∗τ+τ− decays
are expected to be reconstructed, these could also be used to study the τ polarisation in
b→ s τ+τ− transition and thus discriminate among different NP scenarios.
As indicated in Sec. 8.2, the NP models proposing a common interpretation of the LU
deviations at tree- and loop-level must in general indicate how the new, heavy, particles
couple to the various generations of quarks and leptons. Further LU tests in b→ d `+`−
and b→ u `−ν` transitions could thus be used as constraints for these models. In a similar
way, more stringent bounds on lepton-flavour violating decays b→ s`+1 `−2 (with `1 6= `2)
could also constrain NP models, as lepton-flavour violation occurs often in models violating
LU [178]. The B→ K(∗)eµ and B→ Kτ`′ (`′ = e, µ) decays have been studied by the
BaBar collaboration and limits are of the order of few 10−7 and 10−5, respectively [173,244].
The expected limits by LHCb with an integrated luminosity of about 9 fb−1 are of the
order of 10−9 and 10−6 for the B→ K(∗)eµ and B→ K(∗)τµ decays, respectively. These
limits are expected to scale linearly with luminosity for B→ K(∗)eµ and with its square
root for the B→ K(∗)τµ decays [235].
10 Conclusions
In recent years, several observations of tree- and loop-level b-hadron decays hint at a
possible violation of LU. This article has discussed the relevant measurements as well as
their potential implications.
LU plays a peculiar role in the SM of particle physics, as the same interactions and
couplings characterise all three fermion generations. As a consequence, a violation of LU
would be an unambiguous sign of the existence of physics beyond the SM. This property
has been tested throughout the years by using a variety of different probes: the production
and the decay of electroweak gauge bosons, the decay of quarkonia, the leptonic and
semileptonic decays of mesons with light quarks (including the c quark), however, no
significant signs of deviations from the SM predictions have been observed.
A possible violation of LU is hinted at in two different classes of semileptonic b-quark
decays. The measurements are obtained from experiments at the B-factories (BaBar,
Belle and soon Belle-II) as well as at the LHC (LHCb). For these processes the SM
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predictions can be computed using an effective Hamiltonian approach that separates short-
and long-distance contributions, and require non-perturbative inputs (e.g. form factors)
obtained through diverse theoretical methods.
Tensions at the level of 4–5 σ are observed in b→ c `−ν` decays, which are mediated at
tree level through a W± boson in the SM, when the branching ratios of decays with ` = τ
and ` = e, µ are compared. Deviations at the level of 3–4σ are also present in b→ s `+`−
decays, which are mediated through a loop in the SM, when comparing the branching
ratios for ` = e and ` = µ.
Such deviations can be interpreted theoretically in three steps. Firstly, constraints
on NP contributions to the short-distance Wilson coefficients of the Hamiltonian can
be extracted from the experimental results using the effective Hamiltonian approach.
Secondly, simple NP models that provide the desired short-distance contributions via
the exchange of one or two mediators can be built without contradicting the limits on
direct production or indirect contribution to low-energy processes. Finally, full-fledged
NP models with a proper ultraviolet completion can be designed to match the previous
models at lower energies.
In this context, it is of paramount importance to confirm or refute these hints of LU
violation promptly. Both the Belle-II and LHCb experiments will be in an ideal position
to provide additional information by significantly reducing the uncertainties on the LU
observables already studied and by measuring new observables that will further constrain
NP models. The present situation should thus evolve rapidly with the combined efforts of
experimentalists and theorists, and has the potential to provide very exciting news in the
coming years.
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